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ARANEAE FROM REEVESBY ISLAND, SOUTH AUSTRALIA 
by V. V. Hickman, B.A., D.Sc. 

(Communicated by Professor J. S. Turner) 

[Read io April 1947] 

Abstract 

Twenty-three species of spiders from Reevesby Island, South Australia, are recorded. 
These represent iS different families. Most of the species are well-known forms occurring 
on the mainland. Five, however, are new, namely Neomatachia tubicola, Odo gracilis, 
Lampona asperrima, Gamasomorpha banksi, and Gamasomorpha clarki. The first named 
species forms the type of a new genus, Neomatachia, in the Psechridae. The new species 
are described and a revised description of Storena vaviegata, O.P. Cambridge, is also given 

Introduction 

The present paper deals with a small collection of spiders made by members 
of the McCoy Society for Field Investigation and Research during their ex¬ 
pedition to the Sir Joseph Banks Islands in December 1936. All the specimens 
were collected on Reevesby Island. As might be expected most of the spiders 
are well-known Southern Australian species. 

Descriptions of Genera and Species 

Suborder MYGALOMORPHAE. 

Family Ctenizidae. 

Genus Missulena Walckenaer, 1805. 

Missulena sp. 

The collection contained a single spider belonging to this genus, but the 
specimen was too immature for the species to be identified with certainty. 
Locality : Reevesby Island. December 1936. 1 pullus. 

Family Dipluridae. 

Genus Chenistonia Hogg, 1901. 

Chenistonia major Hogg. 

Chenistonia major Hogg, Proc. Zool. Soc. London, 1901, p.263. 

The present specimen is somewhat larger than the type and lacks the three 
or four small spines on the labium. In other respects it agrees very closely with 
the description given by Hogg. 

Locality : Reevesby Island, December 1936. D. J. Mahony, 1$ 

Family Barychelidae 

Genus Lampropodus Rainbow and Pullcine, 1918. 

Lampropodus seintillans Rainbow and Pulleine. 

Lampropodus seintillans Rainbow and Pulleine, Records Aust. Mus. XII. 7. 1918, 

P- 135 - 

Locality: Reevesby Island. December 1936. J. Clark, 1$ (pullus). 

Suborder DIPNEUMONOMORPHAE. 

Family Amaurobiidae. . 

Genus Ixeuticus Dalmas, 1918. 

Ixeuticus robustus (L. Koch). 

Amaurobius robustus L. Koch, Arachn.Austral. 1872, p- 33 1 - 

Locality : Reevesby Island. December 1936. J. Clark, 1?, 1 pullus. 

1 
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Family Psechridae. 

Genus Neomatachia nov. 

Cribellum and calamistrum present. Cribellum entire. Thoracic groove 
longitudinal. Chelicerae large, projecting forwards, provided with scopula 
and lateral condyles. Maxillae long and parallel. Labium longer than wide 
extending beyond the middle of the maxillae. Third pair of legs directed for¬ 
wards. Front legs longer than others. Fourth tarsi much shorter than other 
tarsi. Three tarsal claws. Upper claws with a single row of teeth. Claw-tuft, ; 
and tarsal scopulae absent. Trichobothria on tibiae, metatarsi and tarsi 
Eight eyes in two rows, homogeneous, diurnal. Tracheal spiracle near spin 
nerets. Tracheal system limited to the abdomen. 

Genotype : Neomatachia tubicola sp. nov. 


Neomatachia tubicola sp. nov. 
Female. Measurements in millimetres : 


Total length 
Length of carapace 
Width of carapace 
Length of abdomen 
Width of abdomen 


7-308 

2-900 

1-624 

4-466 

1-972 


Leg 

Femur 

Patella 

Tibia 

Metatarsus| Tarsus 

1. 

1-914 

0-928 

1-856 

2-088 i-i6o 

2. 

1-740 

0-870 

1-740 

1-798 1-044 

3 - 

1-450 

o -754 

1 -i 60 

1-218 1 0-696 

4 - 

1 -508 

0*870 

1-334 

1-276 1 0-580 

Palp 

1 -160 

0-464 

0-638 

0-986 


Total 

7-946 

7-192 

5-278 

5-568 

3-248 


Colour (in alcohol). Carapace and chelicerae dark reddish brown. Maxillae 
labium and sternum somewhat lighter reddish brown. Legs yellow with browi 
bands on femora, patellae and tibiae. Abdomen dull yellow with a medial 
brown area on the anterior dorsal half. On each side towards the front is ar 


elongate brown patch. This is followed by three oblique brown bars, of wind 
the front two on each side are connected at their dorsal ends. Lung cover 
and region in front of the epigynum light brown. A wide median brown banc 
extends from the epigastric furrow to the spinnerets (Figs. 1 and 3). 

Carapace . Long, with almost parallel sides. Front margin very slight]' 
recurved. Posterior margin rounded and not emarginate. Surface smooth 
shining and devoid of hairs except for a few minute ones scattered on the cephalic 
part. Thoracic groove longitudinal. Front end of the groove is 2/3 of the lengti 
of the carapace from the anterior margin. 

Eyes. Eight, arranged in two rows. The front row is slightly recurved 
the posterior row straight. The eyes are about equal in size. AME separate 
from each other by 7/9 and from ALE by 15/9 of their diameter. PME separate 
from each other by 12/9 and from PLE by 15/9 of their diameter. PLE separ 
ated from ALE by 6/9 of their diameter. The median ocular quadrangle i 
wider behind than in front in ratio 27 : 25. Its length is equal to its width i 
front. Height of clypeus in front of AME is slightly less than the diameter c 
AME. 

Chelicerae. Very large, powerful and projecting forward like those c 
Matachia. In front they are slightly granular, each granule carrying a minut 
seta. Margins long and very oblique. The promargin has four teeth, of whk 
the second basal tooth is the largest. The retromargin has two teeth which ar 
situated nearer the base of the fang than are those of the promargin. Far 
measures 1.160 mm. long. It is slightly sinuous and has a ventral groove. T 1 
paturon measures 2.146 mm. long. Lateral condyles are strongly develop* 
(Fig. 2). 
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Neomatachia tubicola sp. nov. 

Fig. i. Dorsal view of female Fig. 4. Fourth metatarsus showing calamistrum 

Fig. 2. Retrolateral view of left chelicera of female Fig. 5. Epigynum 

Fig. 3. Ventral view of female 
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Maxillae. Smooth, shining and sparsely clothed with short brown hairs. 
Very long, their length being equal to that of the sternum. Parallel, rounded 
at apex. A light scopula on inner anterior margin. A well developed serrula 
extends from the scopula round the apex and, for a short distance, onto the 
outer margin (Fig. 3). 

Labium. Smooth, shining and longer than wide in ratio 4 : 3 Extends wel! 
beyond the middle of the maxillae. Sparsely clothed with a few minute hairs. 
Apex truncate and fringed with a few coarse black hairs. 

Sternum. Shield-shape, slightly convex, longer than wide in ratio 26 :18 
Truncate in front. Widest between first coxae. Pointed posteriorly. Smooth- 
shining and clothed with a few small hairs. Margin rebordered (Fig. 3). 

Legs. 1. 2. 4. 3. Third pair directed forward like those of the Segestriidae, 
Femora, patellae and tibiae lightly clothed with short brown hairs ; metatarsi 
and tarsi more densely clothed especially on the ventral surface. Tarsi of fourth 
pair of legs much shorter than other tarsi. Four tricliobothria on each side of thi 
dorsal surface of the tibiae and four in a single row on the first three metatarsi 
The fourth metatarsus has only two. These are situated between the end of th>: 
calamistrum and the apex of the segment. Each tarsus has a single row ot 
four tricliobothria, which increase in length towards the apex. The calamistrum 
is composed of a single row of hairs and occupies about 5/7 of the length 0! 
the metatarsus (Fig. 4). Tarsal claws three. Upper claws similar and with 
seven teeth. The lower claw is strongly bent and has one long and one short 
tooth. True spurious claws are absent but a pair of barbed setae are present 01: 
each tarsus. Tarsal scopula and claw-tufts are lacking. Spines are arranged 
as follows. First leg. —Femur: dorsal 1 bristle. Patella 0. Tibia: dorsal 0 
prolateral 1-1-1, retrolateral 1-0-1, ventral 0. Metatarsus : dorsal 1-0-2 
prolateral 1-1-1, retrolateral r-0-1, ventral 1-1-1. Tarsus o. Second leg- 
Femur : dorsal 1 bristle. Patella o. Tibia : dorsal o, prolateral 1-0-0, retro 
lateral 1-0-0, ventral o. Metatarsus: dorsal 0-1-2, prolateral i-o-x, retro¬ 
lateral 1-0-1, ventral 1-1-1. Tarsus o. Third leg .—Femur : dorsal 1 bristle 
Patella o. Tibia : dorsal o, prolateral i-o-o, retrolateral 1-0-r, ventral 0 
Metatarsus : dorsal 0-1-2, prolateral o, retrolateral 0-1-0, ventral 1-1-2. Tarsm 
o. Fourth leg .—Femur ; dorsal 1 bristle. Patella o. Tibia o. Metatarsus 
ventral 1-1-1, elsewhere o. Tarsus o. 

Palp , Long. Tarsus with three ventral spines and thickly clothed wit) 
hairs. Claw with four teeth. Trichobothria on tibia and tarsus. 

Abdomen. Somewhat cylindrical, clothed with short fine hairs. Spinneret 
slightly in front of posterior end. Cribellum not divided. Anterior spinneret- 
short, very wide at the base and much larger than the others. Anal tuberd 
well developed. Epigynum has the form shown in Fig. 5. 

Locality. Reevesby Island. December 1936. J. Clark 1$. 

Neomatachia tubicola resembles the New Zealand spider, Matachia ramulicd 
Dalmas, in the form of the chelicerae, maxillae, labium, sternum, cribellutf 
and spinnerets. It differs from that species in having a longitudinal instead 0 
a transverse thoracic groove, in the posterior row of eyes being straight instead 
of procurved and in the length of the calamistrum relative to that of the fourti 
metatarsus. Neomatachia tubicola also occurs in Tasmania. Here it lives i- 
holes in dry twdgs, especially in the tunnels made in dead wattle-trees by wood 
boring beetles and other insects. A web is spun from the entrance of the tunim 
The forward direction of the third pair of legs is no doubt correlated with thi 
tube-dwelling habit. 
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Family Agalenidae. 

Genus Desis Walckenaer, 1837. 

Desis kenyonae Pocock. 

Desis-kenyonae Pocock, Proc. Zool. Soc. London 1902, p.102. 

This spider is a littoral species which lives in cavities in shells and rocks 
between high and low tide marks. It was originally recorded from Westernport 
Bay in Victoria. 

Locality : Reevesby Island. December 1936. D. J. Mahony, 1$. J. Clark, 

1?. 

Family Lycosidae 
Genus Lycosa Latreille, 1804. 

Lycosa candicans L. Koch. 

Lycosa candicans L. Koch, Arachn. Austral., 1877, p. 888. 

Locality : Reevesby Island. December 1936. J. Clark, 1$ 

Lycosa laeta, L. Koch. 

Lycosa laeta L. Koch, Arachn. Austral., 1877, p. 944. 

Tarentula laeta T. Thorell, Annali del Mus. Civ. di St. Nat. Genova. 1881, p. 382. 

Locality: Reevesby Island. December, 1936. D. J. Mahony, 1^, 1$ 

Family Oxyopidae. 

Genus Oxyopes Latreille, 1804. 

Oxyopes elegans L. Koch. 

Oxyopes elegans L. Koch, Arachn. Austral., 1878, p. 1008. 

Locality: Reevesby Island. January, 1937. K. Croll, 1$ 

Family Zodariidae. 

Genus Storena Walckenaer, 1805. 

Storena formosa T. Thorell. 

Storena formosa T. Thorell, Oefv. Kongl. Vet.-Akad. Forh., 1870, p. 374. 

Habronestes formosus L. Koch, Arachn. Austral. 1872, p. 314. 

Locality: Reevesby Island. December, 1936. D. J. Mahony, 3$$. 
J. Clark, i<J. 

Storena variegata O. P. Cambridge. 

Storena variegata O. P. Cambridge, Ann. Mag. Nat. Hist. Vol. Ill, 1869, p. 53. 

Cambridge’s account of this species omits many important features. The 
following revised description is therefore given. 

Female. Measurements in millimetres : 


Total length . . . . . . . . . . . . 7 ’ 5 °° 

Length of carapace . . . . . . . . • ■ 3 ,][ 9 0 

Width of carapace . . . . . . . . .. 1-914 

Length of abdomen . . . . . . . . • • 4 ’ 35 ° 

Width of abdomen . . . . . . . . . . 2-030 


Leg 

Femur 

Patella 

Tibia 

Metatarsus 

Tarsus 

Total 

1. 

1-798 

0-870 

1-392 

1 -i 60 

0-928 

6-148 

2. 

1-566 

0-812 

1-044 

1 -i 60 

0-870 

5-452 

3 - 

1-450 

0-696 

0-870 

i '334 

0-870 

5-220 

4 - 

1-914 

0-986 

1-450 

2-088 

1 -i 60 

7-598 

Palp, 

0-986 

0*522 

0-464 

— 

0-696 

2-668 
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Storena variegata O. P. Cambridge 

Fig. 6. Antero-dorsal view of eyes Fig. 7. Epigynum 

Odo gracilis sp. nov. 

Fig. 8. Dorsal view of abdomen of male Fig. 10. Ventral view of left palp of male 

Pig. 9. Dorsal view of eyes of male 

Lampona asperrima sp. nov. 

Fig. 11. Retrolateral view of right palp of male 
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Colour (in alcohol). Carapace and chelicerae dark brown. Labium and 
sternum brown. Coxae yellow. Femora reddish brown. Other segments of the 
egs yellowish above, brown at the sides. Abdomen black, variegated with 
rregular yellowish markings above, below and at the sides. On the front half 
d! the dorsal surface is a wide median black band with a yellowish area on each 
side. The black band is followed by a median row of alternating black and cream 
:hevrons. These fuse with the markings at the sides giving a somewhat con¬ 
tused pattern. Ventral surface has two longitudinal yellowish bands separated 
)y a median black band extending to the middle of the abdomen. Spinnerets 
/ellowish brown. The group is almost surrounded by an irregular black ring, 
[n front of the spinnerets is a triangular black patch enclosing three yellow 
;pots. The apex of the triangle points towards the spinnerets. 

Carapace. Long oval, rounded and slightly narrowed in front, widest 
between second coxae, not emarginate behind. Margin slightly rebordered and 
vithout hairs. Surface smooth, clothed with a few short scattered hairs on the 
cephalic part. Thoracic groove longitudinal, front end of groove 5/8 of the 
ength of the carapace from the edge of the clypeus. 

Eyes. Eight, arranged in two strongly procurved rows. The three indirect 
;yes of each side form an incurved line. Ratio of eyes AME : ALE : PME : PLE 
=8 : 10 : 7 : 11. AME are separated from each other by 4/8 and from A 1 LE 
)y 10/8 of the diameter of AME. The PME are separated from each other by 
\/8 and from PLE by 13/8 of the diameter of AME. The median ocular quad- 
angle is slightly wider in front than behind in ratio 20 : 18, and is longer than 
ts width in front in ratio 25 : 20. The height of the clypeus in front of ALE 
s 35/8 of the diameter of AME. There are a few black curved hairs in front of 
he eyes. The arrangement of the eyes is shown in Fig. 6. 

Chelicerae . Strong, conical, sloping slightly backward, thickly clothed with 
oarse black hairs in front. A large yellowish lateral condyle is present on each 
ide. Fang very short and stout. A single minute tooth on promargin, none 
*n retromargin. A pair of brown triangular sclerites are present in the soft 
nembrane between the edge of the clypeus and the base of the chelicerae. 

Maxillae. Triangular, converging in front of labium, apical half and outer 
ides lightly clothed with black hairs. A small scopula near apex. Serrula absent. 

Labium . As wide as long. Extending beyond the middle of the maxillae, 
excavated on each side at base. Clothed with a few black hairs. Apex rounded. 

Sternum . Shield-shape, longer than wide in ratio 25 : 21, widest between 
ccond coxae, truncate in front, pointed behind. Surface shining and clothed 
nth a few black hairs. Margin slightly rebordered. Posterior coxae almost 
ontiguous. 

Legs. 4. 1. 2. 3. Lightly clothed with brownish hairs. Trichobothria in a 
ingle row on tarsi and metatarsi and in two rows on tibiae. Tarsal claws three ; 
he upper claws similar and armed with 7 teeth ; the lower claw small and with- 
ut teeth. Scopulae, claw tufts and spurious claws absent. Spines on the legs 
re arranged as follows. First and Second legs are without spines except for 2-2 
ti the ventral side of the metatarsi. Third leg. — Femur o. Patella : dorsal 1-1, 
•rolateral i-t, retrolateral 1, ventral 0. Tibia : dorsal i-i-i-i, prolateral 1-1, 
etrolateral 1-1, ventral 2-2 bristles and 2 spines at apex. Metatarsus : dorsal 
-1-0, prolateral 1-1-1, retrolateral 1-1-1, ventral 2-2-2. Tarsus : dorsal o, 
rolateral 1-1, retrolateral 1, ventral 2-2. Fourth leg. —Femur o. Patella : 
orsal 0-1, prolateral 1-1, retrolateral 1, ventral 0. Tibia : dorsal i-i-i-i, 
rolateral 1-1, retrolateral 1-1, ventral 2-2 bristles and 2 spines at apex. Meta- 
arsus : dorsal o-i-o, prolateral 1-1-1, retrolateral 1-1-1, ventral i-i-i-i. 
arsus : doral o, prolateral 1-1, retrolateral o, ventral 1-2-1-2. 
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Palp. Lightly clothed with brown hairs. Trichobothria on tibia and tarsus. 
Tarsal claw slightly curved and provided with teeth. There are nine or ten 
spines on the prolateral side of the tarsus ; elsewhere o. 

A biomen . Oval, clothed with brownish hairs. Epigynum has the form shown 
in Fig. 7. Spinnerets six, short and conical. The anterior pair about twice the 
length of the posterior pair. Anal tubercle well developed. 

Locality: Reevesby Island. December 1936. J. Clark, 1?, 5 pullus. 

Family Argiopidae. 

Genus Araneus Clerk, 1757. 

Araneus pustulosus (Walckenaer). 

Epeira pustulosa Walckenaer, Hist. nat. Ins. Apt. II, 1837, p. 132. 

Araneus pustulosus Dalraas, Ann. Soc. Ent. France, LXXXVI, 1917, P- 379 - 

This spider is widely distributed in Australia and New Zealand. It is 
extremely variable in colouration and has been described under a large number 
of different names. Its synonyms are discussed by Dalmas in the journal 
mentioned above. 

Locality: Reevesby Island. January 1937. K. Croll, ig, 1$. 


Family Hersiliidae. 

Genus Tama Simon, 1882. 

Tama brachyura, Simon. 

Tama brachyura Simon, Die Fauna Siid-west Austr., I, 1908, p. 406. 

Locality: Reevesby Island. December 1936. J. Clark, 1$. 


Family Ctenidae. 
Genus Odo Keyserling, 1887. 

Odo gracilis sp. nov. 


Male. Measurements in millimetres 

Total length 
Length of carapace 
Width of carapace 
Length of abdomen 
Width of abdomen 


8-062 

3-596 

2- 726 

3- 828 
1-856 


Leg 

Femur 

Patella 

Tibia 

Metatarsus 

Tarsus 

Total 

I. 

< 2. 

3 - 

4 - 
Palp 

Colour (in 
side of the tl 

4-524 

4-524 

4 - 756 

5- 800 
1-508 

alcohol). 
iorax, the 

1 -624 
1-624 
1-566 

1 -624 
0-870 

Carapace 
two areas 

4-292 

4-350 

4 - 350 

5- 220 
0-580 

yellowish, 

merging 

4-350 

4- 408 

5- 162 

6- 438 

with a dai 
behind th 

2-610 

2-610 

2- goo 

3- 248 
1-508 

k brown s 
e thoracic 

17-400 

17-516 

18734 

22-330 

4-466 

Lrea on each 
groove and 


extending forward to the cervical groove, where they are joined by a longitu¬ 
dinal dark brown streak extending backward from PLF. Sides of head region 
pale yellow. Ocular area and margin of clypeus almost black. The chelicerae 
yellowish with a dark brown patch in front. Legs yellowish brown with dark 
brown rings round femora and tibiae. Maxillae, labium and sternum pale 
yellow. Abdomen yellowish speckled and streaked with dark brown at the 
sides and underneath. The dorsal surface is ornamented with a dark brown 
median band extending from the front for about 2/3 of the length of the abdo¬ 
men. The median band is followed by a series of broken transverse brown bars. 
Spinnerets pale yellow (Fig. 8). 
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Carapace. Pyriform in outline, somewhat truncate in front. Highest in 
region of thoracic groove, whence it slopes steeply to the posterior margin. 
Thoracic groove longitudinal and deep. Front of the groove is about half the 
length of the carapace from the edge of the clypeus. Thoracic region is fringed 
with white silky hairs at the sides and behind. The surface of the carapace is 
clothed with white or pale yellow hairs intermingled with a few brown hairs on 
the dorsal part of the head region and on the dark brown areas. 

Eyes. Eight. When viewed from above they appear to be arranged in two 
very strongly recurved rows (Fig. 9). The ALE are much the smallest of the 
group. Ratio of eyes AME : ALE : PME : PLE=i2 : 7 : 9 : 12. AME project 
slightly in front of the clypeus. They are separated from each other by 4/12 
and from ALE by 2/12 of their diameter. PME separated from each other by 
8/12 and from PLE by 9/12 of the diameter of AME. Distance between PLE 
and ALE is equal to 10/12 of the diameter of AME. The median ocular quad¬ 
rangle is slightly wider in front than behind in ratio 28 : 26 and its length is 
greater than its anterior width in ratio 29 : 28. The height of the clypeus in 
front of AME is equal to 9/12 of the diameter of AME. 

Chelicerae. Strong, vertical and parallel. Clothed in front with white hairs. 
Lateral cond}Tes well developed. Fang curved and moderately long. Furrow 
oblique. Retromargin with two small teeth ; promargin with three teeth, of 
which the median is the strongest. Scopula on promargin only. 

Maxillae. Almost straight, widest in the middle, narrowing towards base 
and apex. Scopula on inner margin ends in a tuft of hairs at the apex. Serrula 
short and fine. 

Labium. As wide as long, not reaching middle of maxillae. Without lateral 
excavations. Somewhat truncate and furnished with a few black hairs in front. 

Sternum. Broadly oval, slightly convex, pointed behind, and clothed with 
pale yellow silky hairs. Longer than wide in ratio 30 : 28. Widest immediately 
behind second coxae. Fourth coxae almost contiguous. All trochanters notched. 

Legs. 4. 3. 2. 1. Long and slender. The fourth pair much longer than the 
others. Clothed with white silky hairs on coxae and femora, and with white 
hairs and brown bristles on other segments. Trichobothria in two rows on 
tibiae and tarsi, in one row on metatarsi. All tarsi scopulate to base. Metatarsi 
with a light scopula decreasing in density towards base. Claw-tufts weakly 
developed. Tarsal claws 2, similar, with about 8 pectinations. Spines are 
present on all legs and are arranged as follows : First leg. Femur : dorsal 
i-i-l, prolateral 1-1-1, retrolateral i-i-i-i, ventral o. Patella o. Tibia : 
dorsal 1-1-1, prolateral 1-1, retrolateral 1-1, ventral 2-2-2. Metatarsus : dorsal 
i-i-o, prolateral 1-1-0, retrolateral 1-1-0, ventral 2-2-0. Tarsus o. Second leg. 
Femur : prolateral i-i-i-i. Metatarsus ; dorsal 0-1-0. Other spines as on 
first leg. Third leg. Femur : dorsal 1-1-1, prolateral i-i-i-i, retrolateral 
i-i-i-i, ventral o. Patella o. Tibia : dorsal 1-1, prolateral 1-1, retrolateral 
i-i-i, ventral 2-2-2. Metatarsus : dorsal 1-1-2, prolateral 1-1-0, retrolateral 
1-1-0, ventral 2-2-1. Tarsus o. Fourth leg. Femur : dorsal 1-1-1, prolateral 
i-i-i-i, retrolateral 1-1-1, ventral o. Patella o. Tibia as for third leg. Meta¬ 
tarsus : dorsal 1-1-2, prolateral 1-1-1, retrolateral i-i-i, ventral 2-2-1. Tarsus o. 

Palp. The genital bulb has the form shown in Fig. 10. Tibia is short and, 
on the retrolateral side, forms a stout apophysis, the distal surface of which 
has a deep groove. The dorsal margin of the groove is produced laterally into 
a small curved hook ; the ventral margin ends in a short point. The embolus 
terminates in a black twisted point near the tip of the palp. At the base of the 
bulb it is produced into a long curved apophysis, which bends round the bulb 
towards the prolateral side. The spines on the palp are arranged as follows : 
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Gamasomorpha banksi sp. nov. 

Fig. 12. Dorsal view of head region of male showing the eyes and arrangement of hairs 
Fig. 13. Ventral view of maxillae, sternum and abdomen of male 
Fig. 14. Retrolateral view of right palp of male 

Gamasomorpha clarki sp. nov. 

Fig. 15. Dorsal view of eyes of male 

Fig. 16. Ventral view of maxillae, sternum and abdomen of male 
Fig. 17. Retrolateral view of right palp of male 
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Femur : dorsal i-i-i, prolateral i apical, retrolateral i apical, ventral o. 
Patella : dorsal i-i, prolateral i, elsewhere o. Tibia : prolateral i, elsewhere o. 
Tarsus o. 

Abdomen. Long oval. Fringed anteriorly with curved bristle-like brown 
hairs. The rest of the surface is clothed with fine white silky hairs intermingled 
with short brown hairs on the darker areas. Spinnerets six, long and cylindrical, 
projecting beyond the end of the abdomen. The anterior pair measure 0.986 mm. 
long and the posterior pair 0.812 mm. The apical segment is very short, conical 
and sunk in the end of the basal segment. 

Locality : Reevesby Island. December 1936. J. Clark, 2$$. D. J. Mahony, 

1 pullus. 

Family Eusparassidae. 

Genus Delena Walckenaer, 1837. 

Delena caneerides Walckenaer. 

Delena caneerides Walckenaer, Hist. nat. Ins. Apt. I, 1837, p. 490. 

Locality : Reevesby Island. December 1936. J. Clark, 4 pullus. 

Genus Olios Walckenaer, 1837. 

Olios pictus (L. Koch). 

Heteropoda picta. L. Koch, Arachn. Austral., I, 1875, p. 714. 

Neosparassus pictus Hogg, Proc. Zool. Soc. London, 1902, p. 428. 

Locality : Reevesby Island. December 1936. J. Clark, irf. 

Family Thomisidae. 

Genus Sidyma Simon, 1895. 

Sidyma sp. 

Locality : Reevesby Island. December 1936. J. Clark, 4 pullus. 

Family Drassodidae (Drassidae). 

Genus Lampona T. Thorell, 1870. 

Lampona cylindrata (L. Koch). 

Lampona obscena L. Koch, Arachn. Austral., I, 1873, p. 376. 

Lampona cylindrata L. Koch, Arachn. Austral. I, 1873, p. 373. 

Lampona cylindrata Dalmas, Ann. Soc. Ent. Prance, Vol. LXXXVI, 1917, p- 350. 
Locality : Reevesby Island. December 1936. J. Clark, itf. 

Lampona asperrima sp. nov. 

Male. Measurements in millimetres : 


Total length . . . . . . . . . . .. 6-148 

Length of carapace .. .. .. .. .. 2-668 

Width of carapace .. .. .. .. .. i‘5°8 

Length of abdomen . . . . . . . . . . 3-190 

Width of abdomen . . . . . . . . . . 1 -450 


Leg 

Femur 

Patella 

Tibia 

Metatarsus 

Tarsus 

Total 

I. 

1-450 

0-870 

I ‘218 

0-812 

0-638 

4-988 

2. 

1-334 

0-812 

1 -160 

0-812 

0-696 

4-814 

3 - 

1 -160 

0-580 

0-812 

0-812 

0-464 

3-828 

4 - 

1-624 

0-812 

1-334 

1 -276 

0-696 

5*742 

Palp 

0-696 

0-232 

0-232 

— 

0-522 

1 -682 


Colour (in alcohol). Carapace and chelicerae reddish black. Sternum dull 
red in the middle becoming darker towards the margin. Labium and maxillae 
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orange red. Legs yellow, except the coxae and the first two femora which are 
orange brown. Dorsum of abdomen black, with a transverse row of four irregular 
white spots tending to form a band across the middle. A white spot above 
spinnerets. Dorsal scute orange brown. Sides of abdomen white. Ventral 
surface white, with a median longitudinal dark patch in front of spinnerets. 
Epigastric scute orange. Spinnerets white. 

Carapace. Long oval, narrowed in front, widest immediately behind the 
second coxae. Posterior margin rounded and not emarginate. Thoracic groove 
longitudinal and well marked. The whole surface coarsely granular and clothed 
with a few minute hairs. 

Eyes. Eight, arranged in two rows. Posterior row straight and slightly 
longer than the front row. When viewed from above the front row is slightly 
recurved but when viewed from the front it is strongly procurved, the xALE 
being much nearer the margin of the clypeus than are the AME. Ratio of 
eyes AME : ALE : PME : PLE=7 : 7 : 11 : 7. AME dark coloured, all the 
other eyes are pearly white. AME separated from each other by 3/7 and from 
ALE by 1/7 of their diameter. ALE separated from PLE by a space equal to 
the diameter of AME. The PME separated from each other and from PLE 
by 1/7 of the diameter of AME. The PME are almost round, very slightly 
angular. Median ocular area is wider behind than in front in ratio 22 : 16. 
Its posterior width is greater than its length in ratio 22 : 20. Height of clypeus 
in front of AME is equal to 9/7 of the diameter of AME. 

Chelicerae. Conical, 0-6576 mm. long. Fang short and curved. Two teeth 
and a light scopula on promargin. Retromargin indistinct. 

Maxillae. Slightly converging. Outer margin gently rounded. Ventral 
surface slightly depressed. A light scopula on inner side of apex. 

Labium. Triangular, longer than wide in ratio 7 : 6. More than half the 
length of the maxillae. Apex truncate and emarginate. 

Sternum. Long oval, longer than wide in ratio 33 : 25. Truncate in front 
and produced anteriorly beyond the first coxae. At the sides the sternum 
extends round the base of each coxa, so that the legs appear to be inserted in 
four pairs of foramina. The pleural membrane between carapace and sternum 
is reduced to a thin line. Surface of sternum coarsely granular and lightly 
clothed with fine hairs. Pedicle 0-58 mm. long, the lorum and plagula forming 
a hard chitinous tube between cephalothorax and abdomen. 

Legs. 4. 1. 2. 3. Coxae long and cylindrical, the first pair being longer 
than the others. The second pair widely separated from the third pair. Legs 
clothed with short simple hairs but devoid of spines. Trichobothria on tibiae, 
metatarsi and tarsi. All tarsi scopulate to base, the scopula extending on to 
the metatarsi. Two tarsal claws present, each with one large and one small 
tooth. 

Palp , Genital bulb simple. Cymbium spoon-shape. Tibia and patella 
short and about equal in length. A small apophysis projects forward from the 
apex of the tibia on the retrolateral side (Fig. 11). 

Abdomen. Long, narrow and clothed with short simple hairs. The anterior 
half of dorsum protected by a chitinous scute, which is about half the width 
of the abdomen. On the ventral surface an epigastric scute surrounds the base 
of the pedicle and extends back to the epigastric furrow. Spinnerets six, 
short, cylindrical and clothed with short hairs. The anterior and posterioi 
pairs are about equal in length. The anterior pair separated by a space 
equal to their individual diameter. Middle pair partly hidden. 
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Female (pullus). Measurements in millimetres : 

Total length . . . . . . . . . . . . 6-380 

Length of carapace .. . . . . . . . . 2-900 

Width of carapace .. .. .. .. .. 1-740 

Length of abdomen .. .. .. .. .. 3-248 

Width of abdomen .. .. .. .. .. 1-566 


Leg 

Femur 

Patella 

Tibia 

Metatarsus 

Tarsus 

Total 

I. 

1-450 

0-928 

1 *i6o 

0-696 

0-580 

4-814 

2. 

i *334 

0-870 

1-044 

0-638 

0-522 

4-408 

3 - 

I -102 

0-580 

0-696 

0-696 

0-522 

3-596 

4 - 

I - 45 0 

0-870 

j -276 

1-160 

0-638 

5*394 

Palp 

0-580 

0-290 

0-290 

— 

0-406 

1-566 


The female is slightly immature but resembles the male in form and general 
appearance. Only the following features need be described. 

Colour (in alcohol). Like that of the male but somewhat paler. Carapace 
and chelicerae dark red. Legs yellowish except the first and second femora, 
which are reddish brown. Sternum and labium reddish. Dorsum of abdomen 
black with an irregular white bar across the middle. Dorsal scute orange suffused 
with black in front. A pair of white spots immediately behind scute and a single 
white spot above the spinnerets. Epigastric scute yellow, rest of ventral 
surface and sides white. Spinnerets white. 

Palp. Tibia and patella short and equal in length. Tarsal claw present. 
Abdomen. Dorsal scute smaller and shorter than in the male. It partly 
covers the anterior quarter of the dorsum. 

Locality : Reevesby Island. December 1936. J. Clark, 1^ and 1 pullus. 
Lampona asperrima somewhat resembles Lampona paupercula Simon, 
recorded from Western Australia. It differs, however, in the arrangement 
of the eyes, in the clothing of the carapace and in its larger size. 

Family Clubionidae. 

Genus Miturga Thorell 1870. 

Miturga agelenina, Simon. 

Miturga agelenina Simon, Die Fauna Siid-west Aust., II, 1909, p. 172. 

Locality : Reevesby Island. December 1936. D. J. Mahony, 2$$. 

Family Skgestriidae. 

Genus Ariadna Audouin, 1825. 

Ariadna thyrianthina Simon. 

Ariadna thyrianthina Simon, Die Fauna Siid-west Aust., I, 1908, p. 380. 

Locality : Reevesby Island. December 1936. J. Clark, 1$. 

Family Oonopidae. 

Genus Gamasomorpha Karsch, 1881. 

Gamasomorpha banksi sp. nov. 

Male. Measurements in millimetres : 


Total length . . .. . . . . - • .. 1 -508 

Length of carapace . . . . . . . . • • 0-630 

Width of carapace . . . . . . . • • ■ °*534 

Length of abdomen . . . . . . • • • • °*959 

Width of abdomen . . . . . . . • • • 0-616 


Leg 

Femur 

Patella 

Tibia 

Metatarsus 

Tarsus 

Total 

I. 

0-452 

0-219 

0-288 

0-274 * 

0-205 

1-438 

2. 

0-411 

0-219 

0-274 

0-274 

0-192 

1-370 

3 - 

0-370 

0-178 

0-231 

0-246 

0-178 

1-203 

4 - 

0-507 

0-246 

0-411 

0-329 

0-301 

1-794 

Palp 

0-151 

0-288 

0-068 

— 

0-274 

0-781 
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Colour (in alcohol). Yellowish brown, the carapace and legs being somewhat 
darker than the abdomen. 

Carapace. Pyriform, widest between second and third coxae. In front wider 
than the eye-gronp in ratio 20 : 16. Moderately high, with steep posterior 
slope. Thoracic groove lacking. Dorsal surface of head region smooth but 
furnished with small hairs arranged as shown in Fig. 12. Surface of thoracic 
region marked with small close-set ridges. A radial row of three hairs on each 
side of posterior surface of carapace. 

Eyes. Six, nocturnal, oval, in a compact group. Posterior row slightly 
recurved and longer than the anterior row in ratio 16 : 14. Ratio of eyes AMEt 
ALE : PME : PLE—6 .*5:5:4. The ALE separated from each other by 4/5 
of their long diameter. PME contiguous and very slightly separated from PLE. 
The ALE are almost in contact with PME and PLE. Clypeus equal to 3/5 of 
the long diameter of ALE and furnished with a transverse row of four hairs 
(Fig. 12). 

Chelicerae. Small, conical, basal segment 0-274 nim. long. Teeth appear 
to be absent. 

Labium. Free, conical, emarginate at apex, wider than long, reaching 
beyond the middle of the maxillae. 

Maxillae «. Long, triangular, converging in front of labium. 

Sternum. Shield-shape, truncate behind, longer than wide in ratio 35 : 28, 
slightly granular and furnished with a few long hairs. Laterally it is divided 
into lobes opposite the bases of the coxae (Fig. 13). All the coxae are ovoid. 
The fourth pair are separated by one and a half times their diameter. 

Legs. 4. 1. 2. 3. Lightly clothed with hairs, which under high magnifica¬ 
tion appear finely barbed. No spines are present. One trichobothrium on 
each metatarsus near the apex, and three on each tibia. Two tarsal claws on 
an onychium. Each claw appears to have on its outer side four large teeth 
and on its inner side near the apex four minute teeth. 

Palp. Femur small, patella very large and swollen and projecting backward 
beyond the point of articulation with the femur. Tibia is the smallest segment, 
The genital bulb is completely enclosed in the tarsus (Fig. 14). 

Abdomen. Dorsal and ventral scutes present. Both scutes have a polished 
appearance and are clothed with short hairs. The dorsal scute covers almost 
the whole of the dorsal surface. However, the spinnerets, when extended, are 
visible from above. The ventral scute surrounds the base of the pedicle in 
front and reaches almost to the spinnerets behind. The epigastric furrow is 
not evident. The genital aperture is in a median position about 1/4 of the 
distance from the base of the pedicle to the posterior end of the abdomen. 
The two pulmonary spiracles are situated one on each side of the genital 
aperture, and a short distance behind them are the two tracheal spiracles, 
connected to each other by a transverse groove. The two ends of this groove 
join a pair of short longitudinal grooves, which pass forward to the pulmonary 
spiracles (Fig. 13). Six spinnerets are present. They are partially surrounded 
by a chitinous ring, which is open on the dorsal side. The anterior spinnerets 
have a long cylindrical basal segment and a minute conical apical segment. 

Female. Measurements in millimetres : 


Total length . . . . . . . . . . . . 1 -589 

Length of carapace . . . . . . . . . . 0-685 

Width of carapace . . . . . . . . . . 0-575 

Length of abdomen . . . . . . . . . . 0-959 

Width of abdomen . . . . . . . . . . 0-740 
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• Leg 

Femur 

Patella 

Tibia 

Metatarsus 

Tarsus 

Total 

1. 

0 

452 

0-219 

0-260 

0-247 

0-192 

1-370 

2. 

0 

411 

0-206 

0*301 

0-274 

0-205 

1-397 

3 - 

0 

342 

0-192 

0-233 

0-247 

0-192 

1 -206 

4 - 

0 

506 

0-260 

o -397 

0-342 

0-274 

1-779 

Palp 

0 

15 1 

0-123 

0-164 

— 

o-igi 

0-629 


The female resembles the male in colouration, size and general appearance. 
Only the following features need be described. 

Carapace. Oval, narrowed in front, emarginate behind. Dorsal surface 
of head region smooth but provided with short hairs arranged as in the male. 
Thoracic region and sides of head marked with fine close-set ridges. 

Eyes. Six, nocturnal, oval arranged in a. compact group. Posterior row 
slightly recurved and longer than the front row. Ratio of eyes AME : ALE : 
PME : PLE=o : 6 : 6 ; 4. ALE are separated from each other by about 2/3 
of their long diameter. The head is wider than the eye-group in ratio 20 : 16. 

Chelicerae. Conical, basal segment 0-288 mm. long, fang curved. 

Labium. Free, conical, length almost equal to width at base. Apex reach¬ 
ing nearly to the ends of the maxillae. 

Maxillae. Long, narrow, triangular, converging in front of lip. Scopula 
on inner side of apex. 

Sternum. Shield-shape, truncate behind, longer than wide in ratio 32 : 30. 
Laterally divided into lobes as in the male. 

Palpi. Clothed with finely barbed hairs. Tarsus longer and thicker than 
other segments. Tarsal claw absent. 

Abdomen. Dorsal and ventral scutes present as in the male. Both scutes 
clothed with fine short hairs. Dorsal scute covers the whole of the dorsal surface. 
Ventral scute surrounds the base of the pedicle anteriorly and extends almost 
to the spinnerets posteriorly. Two round sclerites are incorporated in the scute, 
one on each side of the pedicle. The epigastric furrow is clearly defined and 
bears the genital aperture in the middle and the pulmonary spiracles on each 
side. The two tracheal spiracles are situated one on each side close behind the 
pulmonary spiracles and are connected with each other by a shallow transverse 
groove. Spinnerets as in male. 

Locality : Reevesby Island. December 1936. J, Clark and 2$$. 

Gamasomorpha banksi resembles Gamasomorpha loricate% L. Koch in the 
form of the sternum but differs in size and in the scutes of the abdomen being 
smooth instead of pitted. 

Gamasomorpha clarki sp. nov. 


Male. Measurements in millimetres: 

Total length . . . . . . . . . . . - 1-6714 

Length of carapace . . . . . . . . . . 0-7535 

Width of carapace . . . . . . . . • • 0-5891 

Length of abdomen .. .. .. .. •• 1-0138 

Width of abdomen . . . . . . • • • ■ 0-5480 


Leg 

Femur 

Patella 

Tibia 

Metatarsus 

Tarsus 

Total 

1. 

CC438 

0-247 

0-342 

0-288 

0-260 

1-575 

2. 

0-452 

0-233 

0-260 

0-260 

0-233 

1-438 

3 - 

0-425 

0-205 

0-247 

0-260 

0-274 

1 -411 

4 - 

0-616 

0-274 

0-425 

0-411 

°' 3 I 5 

2-041 

Palp 

0-151 

O-IIO 

0-123 

— 

0-219 

0-603 


Colour (in alcohol). Uniform chestnut brown, except for the soft mem¬ 
branous parts which are whitish. 
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Carapace. Oval, convex, with steep posterior slope. Widest between second 
and third coxae. Narrowed in front, where it is wider than the eye-group in 
ratio 18 : 12, A few small hairs on head region. Thorax and sides of head 
finely granular. Thoracic groove lacking. 

Eyes. Six, nocturnal, oval, arranged in a close group. Posterior row of 
eyes slightly recurved. Ratio of eyes AME : ALE : PME : PLE=o : 6 : 6 : 5. 
ALE separated from each other by about half their long diameter and from 
PLE by slightly less than a third of their long diameter. PME almost con¬ 
tiguous with each other and with PLE (Fig. 15). Clypeus vertical and equal 
to two thirds of the long diameter of ALE. 

Chelicerae. Conical, directed downwards and slightly backwards. Basal 
segment 0*274 mm. long, clothed with a few long hairs in front. 

Labium. Triangular, slightly wider than long, emarginate at apex, not 
fused with sternum and reaching beyond the middle of the maxillae. 

Maxillae . Narrow and triangular, converging in front of labium. 

Sternum. Heart-shape, truncate behind, not lobed laterally, slightly longer 
than wide in ratio 30 : 29. Surface convex, smooth, shining and clothed with 
a few long hairs (Fig. 16). 

Legs. 4. 1. 2. 3. Fourth pair of legs much longer than the others. Coxae 
oval, constricted near base. Legs clothed with a few long barbed hairs. Spines 
absent. Trichobothria on tibiae. Two tarsal claws mounted on an onychium 
are present. 

Palp. Genital bulb very large, somewhat pear-shaped and ends in a fine 
pointed embolus and conductor. Tarsal segment much longer than the other 
segments. The form of the bulb is shown in Fig. 17. 

Abdomen. Long oval in shape. Provided with dorsal and ventral scutes. 
The dorsal scute covers the whole of the dorsal surface. Anteriorly the ventral 
scute surrounds the base of the pedicle. It extends posteriorly to the base of 
the spinnerets. Both scutes are finely shagreened and clothed with a few short 
scattered hairs. Epigastric furrow not present. Genital aperture situated 
about one third of the length of the ventral scute from the base of the pedicle. 
The pulmonary spiracles are situated one on each side of the genital aperture. 
The tracheal spiracles are a short distance behind the pulmonary spiracles and 
are connected to each other by a transverse groove. They are not connected 
with the pulmonary spiracles b}^ longitudinal grooves as in the previous 
species (Fig. 16). Owing to the shrinkage of the abdomen the spinnerets arc 
partly withdrawn under the margin of the ventral scute and cannot be clearly 
seen. 

Locality : Reevesby Island. December 1936. J. Clark 1^. 

Spiders recorded and described in the present paper, including the type 
specimens of the new species, are lodged in the National Museum, Melbourne. 
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GEOLOGY AND PHYSIOGRAPHY OF THE MOONLIGHT HEAD 

DISTRICT, VICTORIA 

by George Baker, M.Sc. 

[Read 10 April 1947] 

Abstract 

The lithology, distribution and stratigraphical relationships of Jurassic, Eocene, 
Pleistocene and Recent deposits are discussed, and a vertical stratigraphical column, based 
on coastal sections from Moonlight Head in the south-east to Peterborough, twenty miles 
west-north-west, has been prepared to indicate the approximate thicknesses of the various 
strata representing post-Jurassic sedimentation. The Eocene rocks constitute the south¬ 
easterly continuation of those already described from coastal sections extending north¬ 
westerly from Pebble Point to within half a mile of the mouth of the Gellibrand River. 
Additional information lias been obtained on certain members of the Eocene strata, all 
of which are now grouped in the Wangerrip Formation. A fossil fungus is described 
from one member of the Eocene rocks. Austrahtes are recorded from the Moonlight Head 
district. Slump terraces and erosion amphitheatres are characteristic features of the 
coastal physiography. 

Introduction 

The Moonlight Head area, seven miles south-east of Princetown, and 
eleven miles south-west of Laver’s Hill, lies on the south-west flanks of the 
Otway Ranges on the south coast of Western Victoria (Fig. 4). The area 
embraces parts of the parishes of Wangerrip and Latrobe (Fig. 1) in the counties 
of Polwarth and Heytesbury. 

The limits of distribution of the geological formations shown in Fig. 1, 
are principally based upon evidence from coastal sections and from cuttings 
along the Great Ocean road. Inland exposures are sparse, and the older 
formations are covered by veneers of f quartz drift' (he. late Cainozoic gravels, 
grits and sands), soils and alluvium, with dense, stunted vegetation in the hilly 
r country, and deep gullies north and south-east of the lower reaches of the 
r Gellibrand River. 

For purposes of concise description and accurate location, it has become 
necessary to attach names to certain of the points, bays and gullies in the 
d Moonlight Head area, as hitherto, many of these features were unknown by 
r ; name, even to local inhabitants. 

Localities referred to in previous papers (Baker, 1943a, Singleton, 1943 and 
feicliert, 1943) as the first, second and third points north-west of Pebble Point, 
are now named Point Pember, Buckley’s Point and Point Margaret respectively, 
ft ^he position of Catt's Reef in Fig. r is not that marked on Wilkinson's original 
Tl map (1865), as local inhabitants are unanimous in assigning the name ‘ Catt’s 
Reef ’ to the reef off Pt. Bell; this position has been adopted herein. Wreck 
Creek is a local name for the creek that provides access down steep, bold cliffs 
to the reefs on which the barque Marie Gabrielle was wrecked on 25/11/69 
: an d the barque Fiji on 6/9/91. The long beach extending for half-a-mile 
' south-east and one mile north-west of Wreck Creek, has been appropriately 
:i fi nam ed f Marie Gabrielle Beach \ 

General access to the area is gained via an old road near the coast, which 
connects Wattle Hill Hostel and Rivernook House. It is passable only from 
Wattle Hill Hostel to one mile west of Neave’s farm, and follows the crest of 
a ridge between the sea cliffs and the valley of the Gellibrand River, thus 
conforming with the track cut by Wilkinson’s survey party in 1863-4. Access 
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to the coastal sections is difficult in most parts, owing to the precipitous 
character of the sea cliffs, but is possible down landslides in the erosion amphi¬ 
theatre south-west of the Old Racecourse at Moonlight Head, down Wreck 
Creek, or down landslides at the Devil's Kitchen and at the head of Dilwyn 
Bay. Only under favourable tidal conditions can Pebble Point be reached 
along the foreshore from either the north-west or south-east sides. Tidal con¬ 
ditions and deep water limit approach to many other cliff sections between 
Buckley's Point and Cape Volney. 

Geology of the Area 

JURASSIC 

Moonlight Head Beds 

The Jurassic rocks in the Moonlight Head area constitute the south¬ 
western extremity of the rocks of this age composing the Otway Ranges (Fig. 4). 
They form bold headlands and steep cliffs along the coast from the vicinity of 
Freetrader Point to the eastern limit of the map (Fig. 1), and occur beneath 
the Tertiary deposits in the coastal sections from the head of Crayfish Bay to 
Point Margaret. In the eastern parts of the area, the Jurassic is exposed in 
road cuttings from a little west of Lower Gellibrand to beyond Wattle Hill 
Hostel. All of these exposed Jurassic rocks are herein classed as the Moonlight 
Head Beds. 

According to Murray (1877, p. 132), thick-bedded Jurassic sandstones 
predominate from the Johanna River (9 or 10 miles east of Moonlight Head) 
to the last appearance of the Jurassic rocks a mile or so south-east of the 
mouth of the Gellibrand River. These sandstones, which constitute the greater 
part of the Moonlight Head Beds (Fig. 2), have recently been described as 
arkoses of lacustrine origin (Edwards and Baker, 1943). They are massive 
and of light greenish-grey colour, with occasional interbedcled mudstones as 
at the Devil's Kitchen and rare runs of conglomerate, e.g., N.W. of The Gable. 
Fossils are few, and represented by coalified plant fragments in the arkoses, 
and poorly preserved leaf impressions in the mudstones. 

Dips in the Moonlight Head Beds are principally in a westerly to south¬ 
westerly direction at angles of 15° in the Moonlight Head area, decreasing to 
io° in a north-westerly direction. The arkoses are strongly current-bedded 
in parts. Calcareous cannon-ball concretions are common. Flat-lying lenticular 
concretions (along bedding planes) weather out as projecting, low-dipping 
ledges from the cliff faces as at Buckley's Point, while thin, vertical seams 
(along joint planes), stand out as narrow columns as at Point Lucton. The 
arkoses are also rich in calcareous cement, indicating their high degree of 
porosity on burial. They differ somewhat from the normal Victorian Jurassic 
arkoses in having a coarse f pepper and salt ’ appearance. This results from 
the presence of darker grains of hornblende and small, dark-coloured grains 
(of the same size), of various rock fragments, set in a greenish-grey matrix, 
especially in the fresher arkoses of the cliffs around Pebble Point, Devil's 
Kitchen and along Marie Gabrielle Beach. 

The detailed mineralogy of the arkoses has been dealt with elsewhere 
(Baker, 1943a and Edwards and Baker, 1943, pp. 199, 201 and 203). 

A number of quartz reefs striking N. io° W. and up to 3 feet wide, have 
been recorded as cutting through the Jurassic rocks (Stirling, 1898). They occur 
in allotment 3A, parish of Wangerrip, 2J miles north of Lower Gellibrand. 
Although auriferous, they are not payable reefs. Little is known of their 
nature or origin ; according to Stirling (1898, p. 92), they are ‘ associated with 
eruptive dykes The main interest lies in the fact that these auriferous quartz 
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reefs are of post-Jurassic age. They are probably pre-Eocene, because, al¬ 
though not observed in contact with Eocene rocks, reef quartz pebbles and 
grains in the basal members of the Wangerrip Formation, were probably 
derived, in part, from these reefs. 

EOCENE 

Wangerrip Formation 

Most of the Older Tertiary sediments situated south-east of Princetown, 
including the Pebble Point Beds, the Rivernook Bed, the Turritella Bed, the 
Trochocyathus Bed and the associated, interbcdded days (see Fig. 2), are now 
grouped into the Wangerrip Formation. The Wangerrip Formation is regardec 
as of Eocene age, although Singleton (1943, p. 277) suggested the possibility 
of the lower members (i.e. the Pebble Point Beds) being" as old as Paleocene, 

In the Moonlight Head area, the rocks of the Wangerrip Formation are 
lithologically comparable to and contiguous with the Eocene sediments already 
described from the coastal sections further to the north-west (Baker, 1943a). 
They represent higher horizons than the fossiliferous Pebble Point Beds, be¬ 
cause, as far as can be ascertained, only the non-fossiliferous ferruginous grits, 
ferruginous sandstones and copiapite-bearing clays of the Wangerrip Formation 
are represented between Point Lucton (see Fig. 1) and Moonlight Head. 

In the Eocene strata immediately south-east of Pebble Point, fossiliferous 
rocks are difficult to obtain in situ, because of the inaccessibility of the deposits, 
which occur high up in the steep cliffs. Recourse has therefore to be made to 
fallen blocks of Eocene strata. In this way, corals, pelecypods, decapod 
crustaceans and occasional Sharks’ teeth have been obtained on the north 
side of Point Bell and at the head of the bay locally known as the Devil’s 
Kitchen, but the shelly fossils there are usually more fragmentary than those 
found north-west of Pebble Point; they occur principally in coarse, greenish- 
coloured quartz grits. On the south-east side of Pebble Point itself (Plate II, 
Fig. C), molluscs such as Lahillia, Cucullaea (Singleton, 1943) and Eutre- 
phoceras (Teichert, 1947a), decapod crustaceans such as Callianassa (Glaessner, 
1947), fish vertebrae, sharks' teeth and fossil wood occur in situ, for here the 
fossiliferous Eocene strata have been brought down almost to sea level by a 
small normal fault (F 1 on Fig. 1) with a north-north-westerly throw of approxi¬ 
mately 35 feet. From Point Lucton easterly, however, none of the Eocene 
strata that can be examined in situ yielded fossils ; moreover, fallen blocks of 
Eocene sediments on the nearby beaches are unfosssiliferous, except for a few 
with Callianassa burrows near Point Lucton. 

Lithologically, the Eocene sediments consist of littoral, shallow water 
deposits, such as conglomerate, coarse grits, sandstones (some gritty, some 
carbonaceous and some ironstained) and ironstones that are overlain by, and 
in part interbedded with clays containing gypsum and copiapite. 

The conglomerate occurs locally in the Pebble Point Beds only, small 
pockets up to one foot thick being associated with fossiliferous grits, containing 
clay streaks, on the south-east side of Pebble Point, and at the head of the bay 
north-west of Pebble Point. 

Some of the ironstone, e.g., that south-east of Neave's farm, (see Ironstone 
Quarry in Fig. 1), has been quarried for local use on the roads. 

Pebble Point Beds 

The conglomerates in the Pebble Point Beds contain a varied assemblage of 
well-rounded pebbles of rock types such as green, dense, flow-banded rhyolite, 
patinated flint, dark, dense hornfels, lydian stone, quartzite and various 
porphyries, etc. Most of these are alien to the rocks of the district, while many 
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of the lava and porphyry rocks are of types untraceable to any particular 
outcrops in Victoria. Some larger blocks of Jurassic sediments are incorporated 
in the Eocene conglomerate, and consist of arko.se and plant-bearing mudstone 
blocks of more angular character and up to four feet across ; they were derived 
from the Moonlight Head Beds. Among the exceptionally well-rounded con¬ 
stituents of the Eocene conglomerate are pebbles of buff-coloured siderite with 
thin limonitic coatings, characteristically well-polished and showing typical 
* bread-crust' cracks ; these were probably derived from the Jurassic sedi¬ 
ments, as siderite nodules are known from the Jurassic coal measures at Won- 
thaggi in South Gippsland. 

The grits in the Pebble Point Beds are quartz grits of moderately coarse 
texture grading in parts into gritty sandstones and coarse, ironstained sand¬ 
stones. The fossililerous portions of the grits vary in colour from green in the 
fresher varieties to brown and yellow where oxidised, but the non-fossiliferous 
grits are invariably dark brown because of the presence of abundant limonitic 
cement. A characteristic feature of many parts of the grits, is the abundance 
of relatively narrow, branching, nodule-like structures which have been 
recently interpreted by Glaessner (1947) as Callianassa burrows. 

In thin section, fossiliferous grits from the Devil's Kitchen show abundant 
angular and sub-angular quartz grains, occasional muscovite and chlorite, 
and rare hornblende. These, with numerous fragments of fossils, are set in a 
base that is principally calcareous with some accompanying siderite ; parts of 
the matrix are, how r ever, composed of argillaceous material and glauconite. 
The glauconite is often present in the form of pellets, and sometimes alternates 
with layers of calcite around glauconitic and other centres in oolitic fashion. 
Very little felspar from the Jurassic arkoses of this area, has survived weathering 
and transportation into the sediments of the Wangerrip Formation. One 
large, rounded poikilitic felspar occurs in one thin section of grit, also rare 
angular grains of quartzite and staurolite schist. 

The acid (IIC 1 ) soluble portion of the fossiliferous grits, is composed 
principally of calcium- with some iron-carbonate, and constitutes 38*5% of 
the sediment. The light, insoluble fraction amounts to 60*3% and the heavy 
minerals (separated in bromoform of specific gravity 2-88) amount to 1*2%. 
The heavy minerals are magnetite, ilmenite, pyrite, leucoxene, brown and 
blue tourmaline, rutile, zircon, hornblende, epidote, cyanite, andalusite, 
cassiterite, garnet, brookite, greenish-blue spinel, staurolite and zoisite. 

Narrow bands of black, sandy and gritty clays, interbedded with the 
ferruginous and green grits of the Pebble Point Beds, are exposed on parts of 
the wave-cut platforms and in the lower parts of the sea cliffs at Point Bell. 
Ihey contain abundant carbonaceous material, large grains of reef quartz 
up to 8 mm. across, a considerable amount of finer quartz sand, some copiapite, 
scattered flakes of selenite and rare felspar. The rock is friable and breaks 
down readily in w^ater. Apart from small fragments of wood, no other macro- 
and no micro-fossils were detected in deposits of this character, and there was 
only slight effervescence w r ith acids, indicating little carbonate matter. Finer 
quartz sand in the rock is of relatively even grade size, and the grains rounded 
to sub-angular. Although the heavy mineral residues from this type of sediment 
are small in amount (enough to prepare one slide mount from one hand speci¬ 
men), they are nevertheless relatively rich in mineral species. The assemblage 
is practically the same as that of the green, fossiliferous grits from the Devil's 
Kitchen ; the several colour varieties of tourmaline, including rubellite and 
mdicolite, are the same, likewise types of zircon crystals and other diagnostic 
mineral species. 

The provenance for these rocks from the Devil's Kitchen and from Point 
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Bell (rocks that are separated stratigraphically by only a few feet, and both of 
which belong to the Pebble Point Beds), is of considerable interest, and prob¬ 
ably applies in general to much of the Wangerrip Formation. In the first place, 
the absence of a shelly fauna from the black, sandy and gritty clays from Point 
Bell, is due to conditions entirely unfavourable for animal life. Much carbon¬ 
aceous matter, associated with finely divided sulphides, created toxic conditions 
and shortage of oxygen, producing an environment deleterious to animal life. 
Apparently much debris in a finely comminuted state was swept into this area 
from a nearby coast. Such conditions were repeated several times during the 
early periods of Eocene sedimentation, with a relatively clear water environ¬ 
ment developed at least once, to allow of the existence of organisms now 
represented in the fossiliferous grits. 

In the second place, the area undergoing erosion was subjected to occasional 
heavy rainfall, and a vigorous drainage system was formed, capable of trans¬ 
porting quartz grains of considerable grade size (8 mm.) into the theatre of 
sedimentation. In the third place, the nature of the rocks comprising the 
terrane in early Eocene times, is indicated by the character of the heavy minerals 
in the grits and gritty clays. The relative abundance of cassiterite and the 
several varieties of tourmaline, together with topaz and the very abundant 
quartz grains, show that a granitic cupola was undergoing active erosion. This 
cupola was not very far from the shoreline, because the crystal outlines are 
particularly well preserved. The existence of rounded tourmaline grains in the 
heavy mineral assemblage of the basal Eocene beds, points to the fact that 
well abraded tourmaline had been swept into the Eocene from rocks representing 
an earlier cycle of erosion, transportation and sedimentation : such sediments 
probably constituted a part of the original country rocks into which the 
granitic magma was intruded. Minerals carried into the Eocene basin of 
sedimentation, from the thermo-metamorphic province of this postulated 
granite cupola, are andalusite, spinel, rutile and brookite. The granitic mass 
itself contributed many of the translucent and sub-angular quartz grains and 
all of the zircons with well preserved crystal oiitlines. A few, rounded zircon 
grains present in the Eocene, represent types derived either from the pre¬ 
granite sediments, or, perhaps with hornblende, from any Jurassic arkoses 
that were exposed in the terrane. 

The existence of schists or gneisses as outcrops in the Eocene landscape, is 
suggested by the presence in the Eocene grits of strained quartz crystals, 
cyanite, staurolite and garnet, although some of the garnet may have been 
weathered out from Jurassic rocks. Associated quartzites were also present, 
as evidenced by the occurrence of grains of this rock in the Eocene grits. The 
types of tourmaline in the basal Eocene sediments are such as to indicate 
granitic, pcgmatitic, sedimentary and pegmatized injected metamorphic 
terranes (cf. Krynine, 1946). The pyritc in the sediments is authigenic and 
occurs as round pellets and clusters of minute crystals. It probably represents, 
in part at least, sulphide residues from the decomposing vegetable matter 
swept into the Eocene basin of sedimentation. A number of the heavy mineral 
grains have acted as centres of deposition for glauconite, which forms complete 
sheaths around some of them. Rare flakes of white mica in the heavy mineral 
assemblage are of a type suggestive of origin from gas fluxing effects bleaching 
the original biotite in the granitic cupola. Their sparsity in the grits results 
from strong currents carrying them further out into the deeper portions of the 
Eocene basin of sedimentation (cf. Rivernook Bed and Clays of the Wangerrip 
Formation), 

There is no evidence to indicate the particular direction of this portion of 
the Eocene terrane from the basin of sedimentation, but as the necessary rock 
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types do not occur on the present elevated portions of Victoria, a terrane of 
the type indicated may have lain either to the south or south-west, in a region 
now submerged beneath the Southern Ocean, or to the north in a region now 
covered beneath the lava flows of the basalt plains. Associated with the rocks 
of the terrane were abundant quartz reefs : from these were obtained the bulk 
of the rounded reef quartz pebbles and gravel granules so plentiful in the 
Pebble Point Beds. The reef quartz pebbles are far too abundant to have all 
come from the limited number of narrow quartz reefs that traverse the Jurassic 
rocks of the Moonlight Head district. 

Although the heavy mineral suites of the Eocene grits and gritty clays 
have several characteristics in common with the nearby Jurassic rocks which 
formed the coastal area of the time, and which supplied some of the disinteg¬ 
ration products that found their way into the Eocene rocks, the above facts 
indicate several significant changes in mineralogy in crossing the Eocene— 
Jurassic boundary, and these differences can only be explained in terms of the 
presence, in portions of the Eocene terrane, of rock types with different mineral 
constituents from the Jurassic ; moreover, outcrops of such rock types were 
being subjected to very active processes of erosion and transportation. 

Rivernook Bed 

The Rivernook Bed, which outcrops on the coast south of Rivernook House 
(Fig. 1), has so far been little studied, because of frequent and prolonged mask¬ 
ing of the outcrop under beach sands. It occurs about half way up from the 
base of the Wangerrip Formation, and is interbedded with Eocene clays carrying 
copiapite, gypsum, pyrite and rare fragments of fossils (Baker, 1943a, p. 248). 
It is regarded as of Eocene age for reasons given in an earlier publication (Baker, 
1944, p. 86), Further information concerning the Rivernook Bed is now to 
hand as a result of exposure of several square yards of the deposit after the 
occurrence of small landslides following the heavy rains in the early part of 1946. 

The deposit is best described as a glauconitic clay sediment. The glauconite 
is present mainly in the form of ovoid-shaped pellets ranging up to 1 mm. in 
size, and sub-spherical grains up to | mm. across. Where associated with con¬ 
centric layers of calcite, the glauconite pellets tend to be oolitic in character, 
but several examples are like those described by Edwards (1945) from the 
glauconitic sandstone in the Tertiary of East Gippsland (Eastern Victoria), 
being derived from the alteration of biotite flakes. Most of the glauconite has 
been altered to a ferruginous clay-like substance, mainly as a result of weather¬ 
ing- 

The rock is porous in parts, and contains abundant greenish-brown argill¬ 
aceous material in which small plates and fine needle-like crystals of gypsum 
are common. Parts are strongly consolidated, with patches rich in pyritic 
and calcareous matter, the pyrite occurring as small clusters of crystals of 
microscopic size, showing cube, cube and pyritohedron, and octahedron 
modified by the cube. The pyrite occasionally replaces and infills micro-fossil 
structures. Fine, slender echinoid spines are present. Quartz is a common 
constituent, mostly as sub-angular grains of the J mm. grade size ; sub-angular 
grains up to 2 mm. across are rare. Felspar is an occasional constituent ; 
muscovite plates are more frequent than in the Pebble Point Beds. Yellow, 
reddish- and brownish-coloured fragments and small, rounded balls of fossil 
resin are features of the Rivernook Bed. The resin is partly opaque, but 
mainly translucent, and is fluorescent in pale sulphur-yellow colours under 
ultra-violet radiation. 

The general characteristics of the Rivernook Bed resemble those of the 
amber-bearing beds of East Prussia described by Tornquist (1910, p. 83). In 
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East Prussia, the clayey-glauconitic sandstone deposit is similarly blue-green, 
micaceous, rarely calcareous, strongly consolidated in parts only, and contains 
amber and a marine fauna (regarded by Tornquist as of Lower Oligocene age). 
A marine fauna is also found in the Rivernook Bed, this fauna consisting of 
foraminifera, corals, pelecypods, gasteropods, scaphopods, sharks' teeth and 
thalassinid macrurous Crustacea such as Callianassa sp. and Ctenocheles victor 
Glaessner. Many of these fossils resemble species in the Pebble Point Beds. 

A feature of the argillaceous portions of the deposit, is the occurrence of 
rods of clay up to § inch in diameter, sometimes 9 inches long and longitudinally 
marked with shallow, parallel, unevenly spaced striae, some of which are 
slightly deeper than others. The rods show no internal structure apart from 
incorporated pellets of glauconite. They cut across bedding planes and usually 
terminate in depth with a distinct taper and occasionally a slight curvature 
away from the long axis of the rod. The rods appear at first to represent the 
burrows of mud-haunting organisms, but the striations resemble more the 
markings characteristic of slickensidcd surfaces. That they are most likely 
slickensided surfaces, is borne out by the occurrence of similar markings on 
broader and flatter planes elsewhere in the deposit, more particularly along 
joint planes. The striated surfaces evidently resulted from slight slipping of the 
clay after lubrication on wetting of this coastal exposure, and the striae would 
be made by the movement of cither the smaller glauconite pellets in the rock, 
or more likely by the edges of the smaller of the sub-angular grains of quartz. 

Concretions and harder bands of the deposit are richly calcareous, with 
traces of P 2 0 5 . The fine, light fraction of the sediment consists of quartz, white 
mica, macerated plant debris, resin and rare micro-organisms. The heavy residue 
is principally composed of pyrite and bleached biotite, the abundant flakes of 
mica having been floated out into the deeper parts of the Eocene basin of 
sedimentation. Other heavy minerals are very scarce, there being but one or 
two grains or flakes of each of the minerals brown biotite, chlorite, prismatic 
zircon, prismatic cassiterite, hornblende, tourmaline and andalusite ; a little 
siderite was also detected. 

Among the carbonaceous products in the Rivernook Bed, are indeterminable 
lignified particles, fragments with poorly preserved cell structures and one 
piece of cuticle (which appears to be monocotyledonous) containing the fruiting 
stage of a fossil fungus of the downy mildew type (Plate ic). From the evidence 
available, this fungus belongs to the class Phycomycetes in the Eumycetes 
(True Fungi). It probably belongs to the order Peronosporales, exhibiting a 
strong family likeness to the genus Peronospora. The hyphal filaments are 
non-septate, dichotomously branched with blunt tips, and just under 4/* 
in width. The reproductive bodies (dark, rounded areas in Plate ic) are ovoid, 
being 0*03 mm. long and 0*02 mm. wide. The smaller bodies in the cuticle 
are 0*006 mm. in diameter. 

Parasitic fungi of this character have been described from the Coal Measures 
in other parts of the world. Hyphae have been recognised on the stems of 
Lepidodendron, on the leaves of Cordaites and Sphenoptens, as a sub-epidermal 
disease on the leaves of Nenropteris and in the outer layers of roots. Fossil 
Peronosporae have also been described by Carruthers (1876) and Smith (1877) 

( P . aniiquarius) in the tracheides of species of Lepidodendron from the English 
Coal Measures, and Pampaloni (1902) has described Peronosporites miocenicus 
and P. siculus from the Middle Miocene of Sicily. 

The Rivernook Bed thus contains an association of a marine fauna and a 
mineral of marine origin (glauconite) with terrigenous deposits containing 
fossil resin, a fossil terrestrial fungus and abundant carbonaceous material, j 
The area of sedimentation therefore apparently lay fairly close inshore and 
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experienced generally shallow water conditions, although somewhat deeper 
than areas where the littoral grits of the Pebble Point Beds were formed. The 
terrane was apparently well-wooded, with plant debris liberally scattered over 
ail area subjected to good drainage conditions and having a moist, not very 
warm climate (Peronospora being a pathogen requiring such conditions). 
From this area the plant debris was swept into the Eocene sea, larger twigs 
and fragments of small branches of wood (undetermined), being dropped 
nearer inshore and incorporated in the littoral, fossiliferous grits. Finer, 
comminuted woody and leafy tissues and considerable amounts of macerated 
plant debris were carried further offshore to be deposited more slowly under 
somewhat deeper-water conditions, and intermingled with the remains of 
marine organisms and with glauconite pellets which were being produced on 
parts of the sea bed. 

Clays of the Wangerrip Formation 

The clay deposits of the Wangerrip Formation, together with intercalated 
fossiliferous sandstone beds referred to as the Turritella Bed and the Trocho- 
cyathus Bed, have been described elsewhere (Baker, 1943a, pp. 241 and 247-8), 
and no further information has been obtained concerning them. Fossils from 
these beds, mainly the Turritella Bed and the Trochocyathus Bed, and from 
stratigraphically lower members of the Wangerrip Formation, such as the 
Pebble Point Beds, all now regarded as of Eocene age, have been determined 
from time to time by Duncan (1870), Dennant and Kitson (1903), Dennant 
(1904) and Chapman (1904 and 1924), while recent determinations have been 
made by Singleton (1943), Teichert (1943), Glaessner (1947), Parr (appendix- 
Baker, 1943a), and Teichert (1947a). 

In the road cuttings north of the coastal sections, the Older Tertiary rocks 
are much iron-stained and superficially decomposed. They were recently 
(Baker, 1943a) referred to the Eocene on lithological analogy with the fossili¬ 
ferous Eocene deposits in the coastal sections. Their Eocene age is now con¬ 
firmed by the discovery (early in 1946) of weathered fossiliferous beds in a road 
cutting on a bend in the Great Ocean road near Picnic Point (see Fig. 1), half 
a mile north-east of Rivernook House. The beds here are ferruginous sandy 
clays containing Trochocyathus and occasional gasteropods analogous with 
those of the Trochocyathus Bed (specimen locality 7 on map, Fig. 1) in the 
coastal sections nearly one mile to the south-west of Picnic Point. This occur¬ 
rence lies on the northeast-southwest line of strike of the Eocene deposits of 
the area. Road cuttings and small quarries east of this locality, also reveal 
ferruginous Eocene rocks, but they have so far proved barren of fossils. 

Disposition of Eocene Beds and Relationship to Jurassic Rocks 

The Eocene deposits occur in a conformable formation (the Wangerrip 
formation), in which the beds overlap to the south-east on to an erosion surface 
in the Jurassic bedrock. Whereas the Eocene sediments dip north-westerly 
at low angles (5 0 ) off the Jurassic strata, so that they come down to sea level 
in the Pebble Point-Point Margaret area (Plate III, Figs. A and B), and are 
exposed along coastal sections trending north-westerly from this point, to the 
south-east, they rise gradually from fifty feet above sea level in the neighbour¬ 
hood of Point Bell (Plate II, Fig. B) to 300 feet or so above sea level in the bold 
headland forming Moonlight Head (Plate II, Figs. D and F), just over two miles 
south-east of Point Bell. 

The gradual rise is due to the io° slope of the old erosion surface in the 
Jurassic rocks exposed between Point Lucton and Moonlight Head. A little 
over half a mile east of Moonlight Head (see Fig. 1), Eocene sediments disappear 



26 


George Baker : 

from the higher parts of the coastal sections, and from here (at the head of 
Crayfish Bay), through Freetrader Point and on to Cape Volney, the sea cliffs 
are cut in Jurassic rocks. 

The older fossiliferous members of the Wangerrip Formation, i.e., the Pebble 
Point Beds with the associated lenticular conglomerate, do not appear in the 
south-east because of the south-easterly transgressive overlap on to the 
sloping Jurassic erosion surface ; they are last met with in a south-easterly 
direction at the head of Devil’s Kitchen. 

The dips of the Eocene deposits, which are low even at their maximum 
values in the outcrops in the north-westerly part of the area, become still 
lower in the south-east, and from Point Lucton to their eastern limits at the 
head of Crayfish Bay, they depart very little from the horizontal ; the few low 
dips shown are again in a north-westerly direction. Along the south-easterly 
parts of the coastal exposures of the Eocene sediments, the deposits are some 
200 to 250 feet thick, and so if the younger members of the Wangerrip Formation 
(i.e. those occurring north-west of Point Margaret) were ever represented in the 
Point Lucton-Moonlight Head sections, then something like 600 feet of the 
Eocene rocks have been removed by erosion. 

The sequence of deposits set out by Stirling (1898) for the Moonlight Head 
cliff section is shown in Table 1. 


Table i. 

3 feet—pisolitic iron ore and surface sandy clays. 

15 feet—pipeclays and mixed clays. 

2 feet—ferruginous grits. 

10 feet—sandy clays and fine grit. 

40 feet—blue-red mudrock seamed with yellow sulphate of lime. 

10 feet -ironstone cement, light boulders and gravel. 

90 feet mixed clays, sandy clays and gravel. 

20 feet -decomposed Jurassic sandstone and slate. 

300 feet—Jurassic sandstone. 

The cliff section at Moonlight Head itself is inaccessible for close inspection 
of the Eocene rocks. Presumably the above sequence was obtained from more 
accessible sections in the steep slopes at the head of the erosion amphitheatre 
south-west of the Old Racecourse near Moonlight Head (see Fig. r). The Eocene 
deposits of these coastal sections correspond to that portion of the clay series 
of the Wangerrip Formation that rests on the fossiliferous Pebble Point Beds 
and underlies the Rivemook Bed (see Fig. 2). The three feet of pisolitic iron 
ore and surface sandy clays referred to by Stirling at the top of the section 
(Table 1), represent the various soil horizons with buckshot gravel, while the 
yellow sulphate of lime referred to in the 40 feet of blue-red mudrock, is 
copiapite. 

The surface of unconformity between the Jurassic and Eocene sediments 
in the vicinity of Moonlight Head, is relatively even in character (Plate II, 
Figs. D and F). Minor irregularities are caused by slight undulations of the 
old erosion surface (like that in Plate IV, Fig. A), and the occasional penetration 
of the constituents of the Eocene deposits along cracks trending down from 
the surface of the Jurassic. The surface appears to be one of marine denudation 
with structures such as that in Plate IV, Fig. A, representing infilled pot-holes, 
(the direction of the currents in this instance were apparently from left to right). 

The Eocene rocks stretch for five miles along the coastal sections south-east 
of the mouth of the Gellibrand River, extending from about £ mile south-east 
of the river mouth to Crayfish Bay (Fig. 1). For nearly half of this distance, 
they dip at 5 0 to the north-west (see dip values on Fig. 1) in a conformable 
sequence (i.e., as far as masking by landslides permits of observation), and 
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should therefore be approximately 900 feet thick, if such dips are maintained, 
as they are assumed to be herein. 

Faulting 

The assumed value for the total thickness of the Eocene sediments on the 
above basis, has to be modified in view of the occurrence of minor normal 
faults at the positions marked as F lf F 2 and F 3 on the map (Fig. 1). These occur 
on the north side of Point Bell (Plate IV, Fig. B) — F x ; a short distance north- 
north-west of Pebble Point =F 2 , and on the bayside between Buckley's Point 
and Point Margaret (Plate II, Fig. A)— F 3 . Two small normal faults form a 
ridge fault in Jurassic rocks on the east side of the Devil's Kitchen ; they have 
small throws and their effect cannot be observed on the Eocene here, because 
of its height in almost vertical cliffs. 

F x , a dip-slip oblique fault, has a throw of some 35 feet with the downthrow 
to the north-north-west. The Eocene deposits on the downthrown side of this 
fault show minor amounts of drag along the fault plane, while a narrow zone 
of mylonite occurs between the Jurassic and the Eocene rocks at the fault 
junction. This fault passes up into a small monoclinal fold, and then rapidly 
dies out vertically. The faulting here has resulted in little disturbance of the 
angle of dip of the sediments. 

F 2 , situated about 100 yards north-west of Pebble Point, is a high-angle, 
dip-slip oblique fault, hading to the south-south-east, and with a throw of 
25 to 30 feet. The Pebble Point fault and the Point Bell fault together form a 
small trough in the Eocene sediments, as their hades are opposed. On the 
upthrown side of the Pebble Point fault (F 2 ), the dip of the Eocene is 5 0 to 
the north-west, while on the downthrown side, a small dip south-easterly off 
the fault plane is but a minor feature, and probably due to drag along the fault 
plane ; the result, however, has been to form a small local synclinal sag. 

F 3 is a dip-slip dip fault, in which greenish-grey arkoses are brought up 
against the copiapite-bearing carbonaceous clays of the Eocene (Plate 11 , Fig. A) 
and the Jurassic rocks have been locally brecciated. 

Taking into account the effects of these minor faults in assessing the prob¬ 
able total thickness of the Eocene sediments of the whole area, it has been 
concluded, as set out in Fig. 2, that the Wangerrip Formation has a thickness 
of between 800 and 850 feet. 

Recorded Fossil Content of the Wangerrip Formation 

Foraminifera —from the Pebble Point Beds. 

Denialina sp. 

Nodosaria sp. 

Vaginula sp. aff. subplumoides Parr. 

Marginal a aff. costata (Batsch). 

Marginula aff. glabra d'Orbigny. 

Lenticulina spp. 

Planularia sp. 

Lagena hexagona (Will.). 

Lagena catenulata (Will.). 

Globulina gibba d’Orbigny. 

Guttulina problema (d'Orbigny). 

Guttulina lactea (Walker and Jacob). 

Guttulina sp, 

Angulogerinu aff. elongata (Halkyard). 

Eponides obtusus (Burrows and Holland) var. westraliensis Parr. 

Gyroidina aff. octocamevata Cushman and Hanna. 

PulvinulineMa sp. nov. 

Baggatella sp. nov. 

Ceratobulimina spp, nov, 
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Anomalina sp. nov. 

Anomalina cf. glabrata Cushman. 

Cibicides cf. lobatulus (Walker and Jacob). 

Cibicides spp. 

Globigerina sp. 

Anthqzoa— from the Trochocyathus Bed. 

Cy closer is tennis Duncan. 

Trochocyathus vicioriae Duncan. 

Trochocyathus with insoni 
Trochocyathus meridionalis Duncan. 

—from the River nook Bed. 

Flabellum microscriptum Dennant. 

Flabellum candeanum Edw. and Haime. 

Echinoidea— from a hard band in clays above the Pebble Point Beds. 

Schizaster sp. 

—from the Pebble Point Beds and clays of the Wangerrip Formation. 
Echinoid spines. 

Bryozoa— from the Pebble Point Beds and clays above them. 

Bryozoan fragments. 

Pelecypoda— from the Pebble Point Beds. 

Nuculana paucigradata Singleton. 

Cucullaea (Cucullona) psephea Singleton. 

Limopsis sp. nov. (?). 

Lahillia australica Singleton. 

Eotrigonia sp. 

Scaphopoda —from the Pebble Point Beds. 

Dentalium ( Fissidentalium) gracilicostatum Singleton. 

Gasteropoda— -from the Turritella Bed. 

Tnrritella sp. (?). 

Nauttloidea— from the Pebble Point Beds. 

Aturoidea distans Teichert. 

Eutrephoceras victorianum (Teichert). 

Decapod Crustacea —from the Pebble Point Beds. 

Callianassa bakeri Glaessner. 

Callianassa cf. lacnnosa Rathbun. 

- -from the Rivernook Bed. 

Callianassa sp. 

Ctenocheles victor Glaessner. 

Ostracoda— from the Pebble Point Beds. 

Species of Ostracods. 

Vertebrata— from the Trochocyathus Bed. 

Odontaspis cuspidata (Agassiz). 

Tsurus minutns (Agassiz). 

—from the Pebble Point Beds. 

Odontaspis sp. 

I sums sp. 

Fish vertebrae and otoliths. 

W r halebone fragments. 

—from the Rivernook Bed. 

Odontaspis sp. 

Plantae— from the Pebble Point Beds. 

Fossil wood (undetermined). 

—from the Rivernook Bed. 

Fossil fungus referable to the Peronosporales, 
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Relations of the Eocene to Younger Cainozoic Sediments 

The Eocene in the north-west portion of the area, is conformably overlai* 
by non-fossiliferous deposits constituting the Princetown Beds which ocelli 
at the base of the Latrobe Formation, and are regarded as probably being c 
Oligocene age (Baker, 1944, p. 87). The Tertiary sequence north-wester!;, 
from the mouth of the Gellibrand River through Port Campbell to Pet# 
borough, has been discussed in previous articles (Baker, 1943a, 1944 and 1945b 
In order to bring together, in summarised form, the relationships of Tertiar 
rocks represented in coastal sections stretching from Crayfish Bay, nea 
Moonlight Head in the south-east, along just over twenty miles of coastlin 
to Peterborough in the west-north-west, a sedimentation table is presente: 
in Fig. 2. 

For the purposes of the table (Fig. 2), it has been assumed that similar lo« 
dips (up to 5 0 in the same direction) arc maintained throughout the Tertiar 
rocks between and including the Pebble Point Beds and the Glenample Bed 
without any major interruption due to the small faults in the vicinity (< 
Pebble Point. In like manner, for reasons already published (Baker, 1944, p. 8; 
it is assumed that similar dips prevail throughout the covered interval (Fig. 2 
Because of the slight transgressive overlap of the oldest exposed Eocene deposit, 
in the area, it is conceivable that still older- members of the Eocene mig!: 
exist at depth in the north-west, below the Pebble Point Beds. 

New names introduced for some of the beds set out in Fig. 2, are describe 
in the following list : 

Wangerrip Formation. Dealt with in the preceding text. 

Latrobe Formation. A group of beds conformable in themselves and* 
the older Wangerrip Formation and apparently also conformable to tl 
younger Heytesbury Formation. 

The Princetown Beds are the unfossiliferous sediments south-east of 8 
mouth of the Gellibrand River, which conformably overlie the uppermo 
member of the Wangerrip Formation, and are regarded tentatively as 1 
Oligocene age. They are overlain in the north-west by Pleistocene dune liifl' 
stones which occupy the major part of the covered interval. 

The Point Ronald Beds are the unfossiliferous sediments half a mile norti 
west of Point Ronald, situated on the right bank at the mouth of the Gellibrai 
River ; they arc conformable with the overlying Clifton Beds. 

Heytesbury Formation 

The Clifton Beds at the base of the He}' T tesbury Formation, are fossilifere 
strata with an interbedded phosphatic nodule deposit, occurring ten chai 
north-west of the Point Ronald Beds, and have been regarded as of Janjul 
(Upper Oligocene to Miocene) age (Baker, 1944, p. 88 and 1945b). 

The Gellibrand Beds are composed of thick, dipping, fossiliferous clays wi 
occasional limestones, argillaceous limestones and a clay bed showing inti 
formational contortion (near top of Gellibrand Beds in Fig. 2). These Of 
outcrop at intervals (between landslide debris) from f of a mile north-west 
Point Ronald to the south-east end of Gibson’s Beach (see Baker, 1944, Fig- 
p. 78). 

The Glenample Beds are clays and argillaceous limestones with occasion 
fossils ; they are more or less horizontal, and are exposed in cliff sectio 
between Glenample Steps (see Baker, 1944, Fig. 1, p. 78), 7J miles south-soul 
east of Port Campbell, and the Sherbrook River, 3J miles east of Port Campy [ 
Dips of i° and less, cause these beds to pass under the Rutledge’s Creek Be I 
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The Rutledge s Creek Beds are fossiliferous clays, limestones and argillaceous 
limestones, which are more or less horizontal and occur in the cliff sections east 
and west of the mouth of Rutledge’s Creek, 3^ miles east of Port Campbell. 

The Port Campbell Beds are clays and argillaceous limestones with occasional 
fossils ; they extend more or less horizontally for four miles west and three 
miles east of Port Campbell. 

The Peterborough Beds are the limestones occurring in the axis of a broad, 
open syncline in the Curdie’s Inlet region at Peterborough ; they overlie clays 
of the Port Campbell Beds. 

The Covered Interval in Fig. 2, represents the gap in the exposed sequence 
of Tertiary Beds, due to post-Miocene erosion by the ancestor of the Gellibrand 
River : the area is occupied by a thickness of at least 300 feet of Pleistocene 
dune limestone. 

At the top of the column in Fig. 2, the post-Miocene clays and the Pleisto¬ 
cene dune limestones are included individually to show their separate thick¬ 
nesses ; actually they were formed, in part, at the same time. Late Cainozoic 
sands, grits and gravels along the Gellibrand watershed, probably also belong, 
in part, to this age. 

The portion of the column (Fig. 2) occupied by the Heytesbury Formation, 
represents Late Oligocene and Miocene sedimentation in this area. Various 
members of this formation have been correlated (Baker, 1944) with Janjukian 
rocks (Upper Oligocene to Lower Miocene), with Balcombian rocks (Middle 
Miocene) and with Cheltenhamian rocks (LTpper Miocene) that occur elsewhere 
in Victoria, the classification of Victorian Tertiary rocks according to Singleton 
(1941) being followed. 

Teichert (1947b) has recently described a new nautiloid from the phosphatic 
nodule deposit in the Clifton Beds of the Heytesbury Formation, as Deltoido- 
nautilus bakeri, a form most closely allied to D. deluci (d*Archaic) occurring in 
the Lower Eocene, Sind, India. No representative of the genus Deltoidonautilus 
is known to occur in strata younger than the Eocene, but in the Clifton Beds, 
it is associated with a Lower Miocene to Upper Oligocene fauna, and is probably 
a remanie fossil in these deposits. A new species of Aturia (Teichert, 1947b) 
from the same deposit, may also be derived. 

These derived fossils indicate that somewhere in the Lower Miocene—Upper 
Oligocene terrane, Eocene deposits were exposed. The state of preservation of 
the fossils suggests exposure to submarine wave action rather than to the action 
of subaerial agents, so that Eocene rocks may have formed parts of the Lower 
Miocene-Upper Oligocene sea floor, on which phosphatic nodules were being 
precipitated. No evidence of an erosion break between the Eocene and the 
Lower Miocene-Upper Oligocene has been located in the held, although if 
one did occur, it might be masked by the covered interval. 'The matrix in the 
whorls of Deltoidonautilus bakeri cannot be specifically matched with that of 
any of the Eocene beds exposed in the Princetown-Moonliglit Head district ; 
not only has there been replacement by phosphatic and ferruginous material 
but also some infiltration of the limestone-gritty matrix that characterises the 
phosphatic nodule deposit. 


LATE CAINOZOIC 
Pleistocene 

Dune limestone, referred to the Pleistocene period, is confined to the western 
portion of the area, occurring on either side of the mouth of the Gellibrand 
River, and extending inland from the coast for up to approximately f of a 
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mile. The characteristics and mineralogy of the deposit have been described 
previously (Baker, 1943a and 1943b). 

Post-Miocene 

Post-Miocene sands, grits and gravels are widespread in the area. Wilkinson 
(1865) described very coarse quartz pebble drift, from approximately 10 miles 
up the Gcllibrand valley, as containing well-rounded pebbles of granite 
porphyry, mica schist, quartz rock and various coloured stones, some like 
lydian stone (a black variety of jasper, used as a touchstone by jewellers). 

Gold was found in the quartz pebble drift, but not in payable quantities. 
Murray (1877) referred to this deposit as a heavy gravel which rested on the 
Mesozoic rocks, while Kenny (1938) recorded pebbles from the deposit as con¬ 
sisting of waterworn quartz, jasper, cherts and fragmental porphyry pebbles 
up to one foot in diameter. These porphyry pebbles were stated to be like the 
rocks forming Devonian dykes in the Grampians, some 70 miles away, and 
Kenny suggested the possibility of their having been transported from this 
source by ice. 

Comparable pebbles are found on the dune limestone south-east of Rivernook 
House (Fig. 1) but were carried there by aborigines ; many of the pebbles 
have been broken open, and some subjected to secondary chipping. Similar 
pebbles are scattered over some of the beaches north-west of Pebble Point 
in the bays between Point Pember and Buckley’s Point and between Point 
Margaret and Buckley’s Point. On the beach immediately north-west of 
Pebble Point, near the fault F 2 shown in Fig. 1, storm waves have accumulated 
a cobble-pebble beach of very varied constituents* The rock types represented 
include reef quartz, quartzite, flint, red and black jasper, green and red jasper- 
ised porphyries, andesite, rhyolite (sometimes with inclusions of other volcanic 
rocks), hornfels, olivine basalt and ironstone. Pebbles of some of these rock 
types are also found on beaches as far away as those near Deany Steps (Baker, 
i 943 F, P- 380) approximately 10 miles distant in the north-west. On the beach 
at the head of the Devil’s Kitchen, similar pebbles and fragments of Jurassic 
and Eocene rocks have been cemented into a recent conglomerate (Plate IV, 
Fig- C )‘ 

The origin of these pebbles is problematical; those on the beaches were 
no doubt re-sorted from the Late Cainozoic pebble deposits, although basaltic 
types were probably brought down independently from the basalt plains lying 
some thirty miles to the north of this area. The other volcanic types and the 
quartzose rocks w r ere probably weathered out from the conglomerates in 
Jurassic rocks, into which they had been gathered from the Jurassic terrane. 
From the Jurassic, they became added to both the Pebble Point Beds in Eocene 
times, and to the superficial deposits in later Cainozoic times. Wilkinson (1865) 
has recorded pebbles of similar petrological types in the Jurassic rocks of the 
Otway coast, and there is little doubt that the Jurassic bedrock of the Moon¬ 
light Head district was the source for most of the pebbles found in the later 
rocks. There is no evidence to support Kenny’s suggestion of possible trans- 
portation by ice from the Grampians ; the maximum size of the cobbles and 
boulders (a foot or so across) does not exclude the more likely possibility of 
river or ocean current transport. 

The widespread gravels, referred to as ' light bouldery washes and gravels' 
by Stirling (1898), were stated to have associated, slightly auriferous sandy 
clays, and to occur in the Gellibrand River valley and flanking the north-west 
spurs from the Cape Otway sandstone ridges (see Fig. 4). Stirling regarded 
them as being partly derived from the abrasion of the quartz veins intersecting 
the Mesozoic sandstones. Similar gravels extend southerly, from the area 
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referred to by Stirling, down to the Lower Gellibrand-Moonlight Head district, 
where they occur capping the Jurassic arid Eocene hills and also occur in some 
of the gullies. They have been worked for alluvial gold (Stirling, 1899) in 
allotments 23 and 24 in the parish of Wangerrip, and also in the gullies south 
of Neave’s farm (see Fig. 1), but with no important yields. 

Both Murray (1877) and Stirling (1S98) regarded these deposits as being 
comparable in age and character with similar Upper Cainozoic deposits flanking 
the South Gippsland Jurassic ranges, while Murray (1877, p. 130) also correlated 
them with 'the oldest (Lower Pliocene) drift period of the Ballarat goldfield/ 
There is little evidence to prove conclusively either the age or the origin of these 
deposits in the Moonlight Head district. They arc undoubtedly post-Eocene, 
because in the hinterland near The Gable (Fig. 1), the quartz drift occurs spread 
out on top of eroded clays and ferruginous beds belonging to the Wangerrip 
Formation. Some of the gravels are post-Pleistocene, because quartz gravels 
up to 30 feet thick flank the Pleistocene dune limestone on the south wall of the 
Gellibrand River valley, about 200 yards west of north from Rivernook House, 
here they are approximately 75 feet above the present bed of the Gellibrand 
River. 

Similar quartz gravels and sands extend as a thin veneer over the Mesozoic 
rocks from the Beech Forest area, some twenty miles to the north-east, down 
the highway through Ferguson, Weeaproinah, Wyelangta, Stalker, Laver’s 
Hill and on to Princetown (see Fig. 4), i.e., along the Main Dividing Ridge in 
the south-west Otway Ranges. At Princetown township, the gravels are post- 
Jan jukian, since they rest on limestone of this age, forming the small hill in 
the Gellibrand River-Latrobe Creek flood plain, on which Princetown stands 
(Baker, 1945b, p. 92). Along the lower reaches of the Gellibrand River, recent 
gravels, which contain white reef quartz pebbles up to 3 inches across, are 
approximately 20 feet above river level on the north bank of the river, f mile 
east of Rivernook House. In parts, they are associated with sands and clays, 
the deposits reaching a thickness of some 25 to 30 feet, and being, at this 
locality, relatively recent fluviatile deposits. Such sediments have been 
re-sorted from the older quartz gravels occurring at greater elevations in the 
Otway Ranges. 

Occurrences of fluviatile gravels at heights of 75 feet on the south bank and 
20 feet on the north bank, represent old river terrace deposits, and the varia¬ 
tions in height above present river level are possibly to be correlated with 
eustatic changes of sea level in Quaternary times. 

Summing up the available evidence on the quartz gravels in the Moonlight 
Head district, it would appear that, prior to the extensive spreading out of 
these deposits, the terrane of the Moonlight Head-Gellibrand River area was 
one in which Mesozoic, Eocene and Miocene (Janjukian) rocks were exposed. 
Extensive erosion occurred in Post-Miocene times, of an area rich in quartz 
reefs, associated with granitic intrusions and thermally altered contact rocks, 
which lay somewhere to the north, and is now under the lava plains of Western 
Victoria, or somewhere to the south, and now under the Southern Ocean. 
Torrential conditions v r ould be necessary to transport the larger, heavier con¬ 
stituents of the gravels from their source and spread them out over wide 
areas which w r ere probably of low relief. 

These conditions must have been initiated as far back as early Eocene 
times, to account for (1) the heavy, reef-quartz rich gravels and grits found 
I in the Pebble Point Beds (cf. Plate IV, Fig. A), and (2) the presence in the 
Eocene of runs of conglomerate. Pebbles of rock petrologically similar to those 
. in the Eocene conglomerate are found higher up the Gellibrand River, where 
they were deposited on an erosion surface in the Jurassic rocks at an apparently 
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much later period of the Cainozoic. Furthermore, similar pebbles occur in 
some of the gravels now only 20 and 75 feet above river level in the lower 
reaches of the Gellibrand River. The very well rounded character of the larger 
pebbles in the gravels and conglomerates of various ages in the area, is probably 
to be traced back to pre-Jurassic times, because those incorporated in the 
Jurassic sediments arc just as well rounded. 

The associated, somewhat finer quartz grits that occur on the tops of the 
spurs inland from The Gable and inland from Oliver Hill (see Fig. 1), are 
principally made up of angular to sub-angular grains of reef quartz up to 
6 mm. long, with the finer fraction (under J mm.) mainly angular quartz with 
but few rounded grains and rare felspar. Heavy mineral grains are rare in 
these parts of the grits, and represented by magnetite, blue and brown tour¬ 
maline, zircon, red and yellow rutile, sillirnanite, ilmenite, leucoxene, anatase, 
limonite and andalusite. 

Patches of quartz sand occur localised in places on the spurs. One sudi 
patch on the north side of the old road north of Oliver Hill is over 10 feet thick, 
and contains the grade sizes illustrated in the histogram in Fig. 3. 

The sand is well-sorted, with the. greatest 
percentage of grains in the \ to \ mitt, 
fraction, thus contrasting greatly with the 
poorly-sorted grits and gravels. The heavy 
minerals in this fine quartz sand are magne¬ 
tite, blue and brown tourmaline, zircon, 
ilmenite, leucoxene, red and yellow rutile, 
anatase, andalusite, cyanite, green spinel, 
staurolite and hornblende. The varietal heavy 
mineral species in this sand are generally 
comparable with those in the coarser sedi¬ 
ments, but they are of much finer grade she 
than those in the grits and contain rale 
grains of additional mineral species unrepre 
sen ted in the sampled portions of the grits 
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Figure 3. Histogram of late Caino¬ 
zoic sand from north of Oliver Hill 


Recent 

1 he Recent deposits in the Moonlight Head area are fluviatile, estuarine 
and beach deposits, represented by the alluvial and marine sediments along 
the floor of the Gellibrand River valley, the sand dunes on the east side of 
the mouth of the Gellibrand River, the sand, pebble, cobble and boulder 
beaches (sometimes cemented to form conglomerate) and the landslide material 
along the coastal stretches from the vicinity of The Gable north-west to 
Point Ronald (see Fig. 1). 

In the broad, swampy flats of the Gellibrand River, Wilkinson (1865 
recorded extensive beds of oyster shells, Cerithium and Area in raised estuary 
deposits, while Murray (1877, p. 129) recorded the deposits as consisting ® 
mud and sand containing recent marine shells. The depth of the alluvium if 
the valley floor of the Gellibrand River, is of the order of 20 feet or so ; a \ve! 
sunk on l ill's Flat, near Princetown township, passed through approximate!) 
20 feet of silt and then struck quartz gravel like that forming the capping c ; J 
the hill on which Princetown is built. 

Landslide material on the beaches consists of large blocks of Eocene ferru¬ 
ginous beds incorporated in fine-grained material derived from the Eocene 
clays. The sand dunes near the mouth of the Gellibrand River are relative!} 
fine-grained and are only partially fixed. 

The boulder beaches are uncommon, and have considerably greater angle* 
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of rest on wave-cut platforms than the sandy beaches. Among the normal 
quartz sands on the beaches streaks of heavy black sands are frequently met 
with at certain periods of the year. They are most extensive on Marie Gabrielle 
Beach in the environs of the mouth of Wreck Creek, and are like those recorded 
from other Victorian beaches (Baker, 1945a). The principal heavy constituents 
are the black iron oxides, mainly magnetite in the portion sampled, but with 
some ilmenite. The coloured, translucent and colourless heavy minerals are 
represented by zircon, colourless, brownish and pink garnet, foxy-red and 
yellow rutile, staurolite, leucoxene and topaz. The majority of the grains are 
particularly well-rounded and polished, only a few zircons and occasional mag¬ 
netite grains exhibiting crystal faces. The mineral grains have obviously 
survived several periods of erosion, transportation and sedimentation, the 
source rocks being manifold. 

Australites 

Of fifteen australites located in the Moonlight Head district (see A on map, 
Fig. 1), one was found on the cliff edge near the Old Racecourse, and the 
remainder on the surface of an old, little used road which runs near the coast 
from Neave's farm to Rivernook House. 

Nine of the australites were complete or nearly complete, and six were 
fragments. The complete and nearly complete forms occurred on the surface 
of the ground in the normal, stable position of rest for australites generally, 
i.e., with the anterior surface facing upwards. 

The weights, specific gravity values and dimensions of these australites 
are set out in Table 2. Specific gravity values were obtained by the method of 
weighing in air and in water on the chemical balance, using distilled water 
of temperature i8°C. 

Table 2. 



Australite 

Shape 

Weight 
in gms. 

Sp. Gr. 

Diameter 
in mm. 

Depth 
in mm. 

Length 
in mm. 

Width 
in mm. 

Flange 
width in 
mm. 

I. 

Button 

4 H 55 

2-421 

20 

12 

— 

— 

4 

2- 

Button 

2-395 

2-410 

19 

8 

— 

— 

3 

3 - 

Button 

1 -966 

2-409 

16 

8 

— 

— 

3 

4 - 

Lens . . 

2-133 

2-402 

15 

7-5 

— 

— 

— 

5 - 

Lens .. 

1-838 

2-418 

15 

7 

— 

— 

— 

6. 

Lens .. 

0-837 

2-^12 

11 

6 

— 


— 

7 - 

Oval . . 

2-181 

2-421 

— 

9 

15 

13-5 

— 

8. 

Dumb-bell 

(half) 

0-931 

2 -412 

— 

5 

16 

9 

1 

9 - 

Button 

fragment 

2-150 

2-416 

— 

— 

— 

— 

4 

10. 

Flange 

fragment 

0-240 

2-400 

— 

— 

— 

— 

4 

11. 

Boat 

25-869 

2-404 

— 

18 

41 

28 

— 

12. 

Core .. 

2-536 

2*435 

— 

11 

— 

— 

— 

13 - 

Aberrant form 
(half) 

3-223 

2-400 

— 

8 

29 

— 



Nondescript 

fragment 

0-164 

2-412 

— 

— 

— 

— 

— 

15 . 

Nondescript 

fragment 

° -I 34 

2-401 

L 

— 





The average weight of the complete and nearly complete forms of these 
australites is 4-912 grams, and for a total weight (51-052 grams) of australite 
glass collected, the average specific gravity is 2-411. This value is slightly 
gieater than the average specific gravity (2*397) for the Port Campbell austral- 
hes which are found 12 to 15 miles to the north-west (Baker, 1937 and Baker 
and Forster, 1943). Since the specific gravity of australite glass is a function 
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of the silica percentage, the inference is that the Moonlight Head australites 
are rather more basic than those occurring in the Port Campbell strewnfield. 

Ihe australites from the Moonlight Head district display characteristic 
external and internal features of australites described from many localities 
in Australia, and require little further comment. Flow ridges on the anterior 
surfaces of specimens i, 2, 3, 6 and 7 (Table 2) are concentric, those on specimen 
8 are clockwise spiral in arrangement. The specimens on the whole are not 
quite as well preserved as the Port Campbell australites. 

Physiography of the Area 

Surface Topography 

The general topography of the area embraced by the map (Fig. i), con¬ 
trasts sharply with the gently rolling nature of the Port Campbell plain (Baker, 
x 943b) to the north-west, in being of a rugged character and relatively deeply 
dissected by short, narrow gullies (Plate 1 , Fig. B) which drain into the Gelfl 
brand River, in the central portions of the area, or into the sea, in the south. 
The region is one with an average annual rainfall of 35 inches as determined 
from records kept over 34 years at Rivernook (W. S. Watt, 1937), and the short, 
narrow gullies only flow intermittently. 

The area occupies the south-western limits of the Otway Ranges of Jurassic 
sediments, which are here flanked by Eocene and younger Cainozoic deposits. 
The principal features of the hinterland in the Moonlight Head district are the 
narrow, Hat-bottomed, relatively steep-walled valley of the Gellibrand Rivei 
(Plate II, big. E) and a main ridge trending more or less east and west between 
the Gellibrand River and the sea. This ridge constitutes the western end of the 
Latrobe Range, and was referred to by Wilkinson (1865) as the Moonlight 
Head Range ; it was along this ridge that part of the Cape Otway to Warrnam- 
bool survey track was cut in 1863-64. The ridge constitutes the main watershed 
of the area, separating the narrow streams flowing north-west into the Gelli¬ 
brand River, from a number of short streams with somewhat deeper valleys, 
including Wreck Creek, Wall’s Gully and Freetrader Creek, which flow generally 
south into the sea. 

The Gellibrand River and its tributaries drain the northern to south¬ 
western flanks of the Otway Ranges (Fig, 4) and according to Wilkinson (1865, 
p. 23) the course followed by the Gellibrand River, from a point north of Cape 
Otway down to the sea, may be taken as the approximate western boundary 
of the Mesozoic rocks of the Cape Otway country. Three miles inland from the 
coastline, the Gellibrand River, flowing down from the north, at Lower Gelli¬ 
brand (see big. 1), takes a sharp sweep westerly across the geological boundary 
between Jurassic and tertiary rocks, and flows west and north-west for some 
8 or 9 miles before entering the sea at Point Ronald. The reason for this is 
obscure. It could possibly be a result of faulting, as in the upper parts of its 
course at Gellibrand, where Kenny (1938) found that the Gellibrand River 
and the tributary in line with it (i.e. Love's Creek, see Fig. 4) apparently followed 
along the trend of a Tertiary fault with a downthrow to the south-east of about 
150 feet. It faulting caused the Gellibrand to swing westerly at Lower Gelli¬ 
brand, an east-west fault would have to trend through Lower Gellibrand along 
Ware's Creek, probably as a small trough fault associated with that at Point 
Bell and Pebble Point. Ihere is, however, no direct evidence to substantiate 
this suggestion, and another alternative is the development of a rising coastline 
in the south, which may have caused the Gellibrand to swing west and north¬ 
west, but there is again no supporting evidence. Yet another possibility is that 
the early course of the Gellibrand River in its lower reaches from Lower 
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Gellibrand to the sea, was originally determined by the north-westerly slip-off 
slope developed on the Eocene rocks as a consequence of their initial dip of 5 0 
north-westerly, and the change in course is partly to be explained in terms of 
differential hardness between the relatively homogeneous Jurassic sediments 
(mainly arkoses) and the non-homogeneous Eocene sediments (grits, ferrugin¬ 
ous sandstones, clays, etc.). At all events, it is evident that the directions of 
flow of tributaries to the Gellibrand River have a general parallelism with one 
another, in a direction also trending parallel with the north-westerly slip-off 
slopes, i.e., in the direction of dip of the Eocene sediments. 



(ilibrand; 


POST-JURASSIC 


JURASSIC 


Ca.pe 

Otway 


Figure 4 . Map of the Cape Otway—Moonlight Head region showing drainage systems 
and general geology (simplified). Based on 4 mile Strategic. Series, Australia : Colac 
(second edition, 1942) and 8 miles to 1 inch Geological Map of Victoria. 


The general features of the valley of the Gellibrand River, from Lower 
Gellibrand to the sea near Princetown, result from a combination of geological 
and past geographical factors. The flat-bottomed valley floor occurring between 
steep valley walls, is a consequence of downward deepening during a period of 
rejuvenation, followed by alluviation during a period of still-stand, river silts 
being deposited by geologically recent flooding of the lower reaches, on top of 
older quartz sands and gravels brought down when the gradient of the river 
was steeper. 

Since the older sands and gravels also occur in ancient terraces, at heights 
of 20 and 75 feet above present river level, it is evident that there have been 
several variations of sea level relative to land level. It is considered that such 
oscillations in sea level are most likely attributable to eustatic variations 
during the Quaternary glacial and interglacial periods. During one of the later 
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world-wide interglacial epochs, the Gellibrand River was evidently estuarine 
for some little distance from its present mouth, as shown by the muds and sands 
with marine, molluscs in the floor of the present flood plain. With lowering 
of sea level in earlier world-wide glacial epochs, rejuvenation near the river 
mouth resulted in downward deepening of the valley and the scouring out of 
much of the earlier-formed gravels, but left residual patches high up on the 
valley walls, as near Rivernook House, as well as small residual hills nearer the 
mouth, as at Princetown. 

In addition to the effects of eustatic variations in sea level, and partial 
control of its direction of flow by slip-off slopes in the Eocene grits and clays, 
the history of the Gellibrand River has been further complicated by the growth 
across its mouth of Pleistocene dunes (now consolidated), and Recent dunes 
(unconsolidated and only partially fixed in position). While, therefore, the 
river has cut into the harder Pleistocene dune rock right at its mouth, forming 
river cliffs some 270 feet high on the western bank, recent dunes have been 
built up to 50 feet on the eastern bank. The river has had actively to cut down 
through the harder dune rock in order to keep the mouth open, and to maintain 
its already well-established course. Thus is explained the present narrowness 
of the mouth of the Gellibrand River (approximately 50 feet), compared to 
its considerable length (50 to 55 miles) and the considerable volume of water 
discharged into the sea. The long, narrow, flat valley floor of the river is 
probably to be explained in similar terms, the harder bar of Pleistocene dune 
limestone across its mouth, being principally responsible for the periodical 
flooding and alluviation that occurs upstream as far back as Gellibrand (see 
Fig. 4), situated some thirty miles from the mouth. 

On the flat, narrow floor of the valley of the Gellibrand River, approximately 
five miles along the river course from its mouth, there are other remnant 
features testifying to an earlier and more vigorous period of erosional activity 
and indicating an epoch when sea level was lower during a former world-wide 
glacial epoch. These are a partially buried, cut-off spur, and two partially 
buried river-cut spurs still attached to the northern valley wall (Plate II, Fig. fij. 

The partially buried, cut-off spur, developed by circumdenudation on the 
valley floor during meander swinging, is elliptical in plan, about 150 yards 
long, and appears conical in end-on aspect. The eastern example of the two 
partially buried river-cut spurs has a small saddle two thirds of the distance 
along from the end nearest the Gellibrand River ; this small saddle, the river- 
cut spurs and the cut-off spur are considerably lower than the summits of the 
valley walls and they represent the remnants of the earlier meandrine course 
of the river in.its narrow valley. They are now partly buried by alluvium 
which flanks them and so they form prominent features in a narrow, flat- 
bottomed valley, which is here only about 20 chains wide on the average, and 
as narrow as 8 to 10 chains in the narrowest parts. 

I he river flats near the mouth, however, are rather more extensive in the 
neighbourhood of Princetown township, for here the Gellibrand River is joined 
by Latrobe Creek (see map, Baker, 1943a), which flows in from the west and 
drains a terrane composed mainly of soft Miocene clays, in which there is a 
marked hummocky topography due to frequent slumping of the clays. 

A characteristic feature of the streams flowing south from the main water¬ 
shed of this area to the sea (Fig. 1), is the height of their mouths above sea 
level. They either flow as small waterfalls over cliffs some 20 feet high in the 
Jurassic rocks, or else flow over less steeply inclined rock surfaces (determined 
by bedding planes in the Jurassic) in a series of cascades. They thus have 
hanging valleys, due to the dominance of marine erosion over stream erosion 
at the mouths, 
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Coastal Topography 

The coastline of the Moonlight Head district is bold and rugged. The in¬ 
dented character of the coastline is plainly evident from the aerial photographs 
(Plate I) and from photographs illustrated in Plate II (Figs. C, D and F) 
Plate III and Plate IV (Figs. D, E and F). 

Changes in the nature of the cliff profile along the coastline are due mainly 
to the differential erosion of beds varying in hardness, as well as in chemical 
and other physical properties. Steeply sloping, somewhat terraced cliffs of 
marine and subaerial erosion are developed in the alternating grits and clays 
of the Wangerrip Formation, as shown in Plate IV, Fig. E, but in the Jurassic, 
where arkoses predominate, the rock formation is more homogeneous and 
calcareous, so that cliff profiles are nearly vertical, being sheer in parts, as 
seen in the lower portions of the cliffs at Moonlight Head (Plate II, Figs. D 
and F) and elsewhere. 

Caves are uncommon along this coastline, compared to their frequency 
along the limestone coastline situated a few miles further to the north-west 
(Baker, 1943b). A few small caves high up on the western side of Pebble Point 
(Plate IV, Fig. E), impart a pock-marked appearance to the Eocene clays in 
the cliffs: they result from subaerial erosion. A much larger cave in the 
Jurassic rocks at the Devil's Kitchen (see Fig. 1), results from wave erosion 
and has been cut at storm-tide level along a prominent joint plane. 

Slump terraces and erosion amphitheatres, normally rare and so far un¬ 
described along the Victorian coastline, are characteristic of the cliffed coastline 
between Rivernook House and Moonlight Head, more particularly where the 
clays of the Wangerrip Formation occur in the upper parts of the cliffs. Slumping 
of portions of these Eocene rocks has resulted in a stepped or terraced formation 
on the tops of some of the marine-cut cliffs (see skyline in Plate II, Fig. C). 
Inland cliffs, formed at the landward extremities of areas so affected, are steep, 
200 feet high in parts, and up to a quarter of a mile inland from the marine 
cliffs in parts of the area. 

The formation of the slump terraces is ascribed to processes similar to those 
outlined by Sharpe (1938). They result from the lubrication of slip planes in 
the Eocene clays by rainwater. Several units slump with a backward rotation, 
the slipping occurring on deep-seated, curved surfaces giving rise in parts 
to at least four backward-sloping blocks, tilted into the slope of the cliff tops. 
Such features are best evident at the head of Dilwyn Bay (Plate I, Fig. A) 
on the steep slopes above the high marine cliffs. Here individual slump terraces 
are up to 40 feet high, and a broken series of them are concentric in plan, 
paralleling the outline of the shores of Dilwyn Bay. The terraces have been 
formed under conditions favourable to sliding, owing to the presence of com¬ 
petent layers (grits, ironstones and ferruginous sandstones) and incompetent 
layers (carbonaceous and copiapite-bearing clays) comprising the Wangerrip 
formation, in an area subject to frequent coastal showers, occasional heavy 
storms and general wetting by wind-driven spray. The back slopes of the 
slumped blocks, i.e., the competent layers which have slid over the clays, 
principally trend north-east, this being the direction of strike of the Eocene 
deposits ; slickensided surfaces are frequently associated with the planes of 
sliding in the clays. 

Because the slumping occurs prevalently from within twelve chains of the 
coastline to the edges of the marine-cut cliffs, it becomes a potent factor in 
retrogradation of the coastline by marine abrasion. The slumped block nearest 
the edge of the marine-cut cliff invariably falls either directly into the sea or on 
to the wave-cut platform, where the slumped material is rapidly abraded and 
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swept away by tidal action. Two types of cliff profiles thus result from two 
different processes : marine-cut cliffs are developed by the normal processes 
at work during the attack of the sea upon the land, and they are steep and 
almost perpendicular in parts ; inland cliffs result at higher levels and at short 
distances inland as a consequence of the slumping processes. In the intervening 
area, the surface either slopes less steeply, or is broken by the formation of 
slump terraces, some of which are quite regular, but others are so irregular 
as to produce a hummocky topography. 

The erosion amphitheatres result from processes similar to those producing 
the slump terraces ; in fact they develop concomitantly with them, and 
represent large landslip scars (see Fig. i). By a process of natural quarrying, 
headward sapping of the cliff tops along parts of the coastline forms scarps in 
the soft, incompetent clays, over which the competent grits and ferruginous 
sandstones slip. Considerable tracts of land glide seawards from the upper 
portions of the coastline, so that the steep cliffs, up to 200 feet high, develop 
backwards from the coastline. The seaward limit of the erosion amphitheatres 
is sometimes almost at beach level (right-hand examples in Plate I, Fig. A 
and Plate III, Fig. A), but some are perched high up on the cliff tops (Plate III, 
Fig. A shows the initiation of a small perched erosion amphitheatre at Point 
Margaret, on left-hand side). The perched erosion amphitheatres are more 
usually developed where the Jurassic cliffs are higher and capped with Eocene 
sediments. 

The best developed erosion amphitheatres along the Moonlight Head- 
Gcllibrand River mouth portion of the coastline, occur on the north-west side 
of Buckley s Point (right-hand side of Fig. A, Plate III), at the western end of 
Marie Gabrielle Beach, near Point Lucton (right-hand side of Fig. A, Plate I) f 
and south-west of the Old Racecourse near Moonlight Head (left-hand side of 
Fig. B, Plate I). The floors of the erosion amphitheatres are usually hummocky 
and ridgy, and those with floors grading down almost to beach level, have had 
considerable amounts of the slumped debris removed by marine action; 
sometimes, however, the seaward edges of the floors of such erosion amphi¬ 
theatres are temporarily protected from wave action by the growth of beach 
sand-ridges. 

Landslides in the Eocene rocks must have occurred with considerable 
frequency during recent times to have produced such marked and well-developed 
features as the slump terraces and erosion amphitheatres. Additional effects 
of the slumping processes are evident today in the large quantities of landslip 
material that occur on parts of the beaches and on the wave-cut platforms at 
the bases of the steep, marine-cut cliffs. Where such relatively recent landslide 
material occurs in sufficiently large amounts, temporary minor headlands 
result, and these show up to advantage in aerial photographs which take in 
Point Pember (see Plate IV, Fig, D) and the south-south-east side of Buckley's 
Point (Plate III, Fig. B on left). Elsewhere, the slumped material partially 
buries the marine-cut cliffs, resulting in less steep profiles (as in central portion 
shown in Plate III, Fig. A). 

Wave-cut platforms in the Moonlight Head district are widest and best 
developed off headlands formed in the Jurassic rocks (Plate II, Fig. D and 
Plate 111 , Fig. B) ; they are of rare occurrence in the Eocene rocks, where 
sandy beaches or talus heaps are more usual at the cliff bases. The wave-cut 
platforms in the Jurassic rocks are generally broken into and disconnected by 
gulches, formed where more rapid marine erosion has gone on along prominent 
joint planes, but they are continuous for considerable distances along Marie 
Gabrielle Beach, where they are fringed with narrow, sandy beaches (Plate IV, 
Fig. F). 
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A feature of some parts of the wave-cut platforms, e.g. at the base of The 
Gable (Fig. 1), is the presence of barriers, some six to ten feet high, at their 
seaward extremities. These barriers provide partial protection against low- 
and mid-tide erosion, but are covered by high and storm tides. They apparently 
result from slight variations in the resistance of the Jurassic arkoses, probably 
because of greater amounts of calcareous cement. The small rock pools in the 
wave-cut platforms occupy the positions from which rounded and elliptical 
calcareous concretions have been broken out, while the larger rock pools 
represent either enlargements of the initial depressions left by the removal of 
the concretions, or more probably differential erosion of less highly cemented 
portions of the Jurassic arkoses between joint planes along which secondary 
cementation has been prevalent. 

Sink-holes are neither as large nor as numerous as those developed in the 
Tertiary limestone coastline (Baker, 1943b) to the north-west of the Moonlight 
Head district. Only one has been noted, and it is funnel-shaped, about twelve 
feet across at the top, and occurs in Jurassic arkose at a small headland situated 
immediately north-east of Moonlight Head. 

The shoreline profile is generally a youthful one on a coastline suggesting a 
compound character. Features indicative of submergence dominate those 
indicative of emergence, and retrogradation dominates progradation. As a 
result, steep, bold sea cliffs in both Jurassic and Eocene rocks, are dominant 
features in the landscape, with wave-cut platforms best represented at the bases 
of the Jurassic cliffs, and ledge-like structures best formed at various levels in 
the Eocene cliffs, the homogeneity or otherwise of the various rock types, 
exercising the control in this respect. Features indicating progradation are not 
pronounced, and are represented by the wider sandy beaches on the south-east 
side of the mouth of the Gellibrand River, in the vicinity of the Recent sand 
dunes, and by the formation of a bayhead beach ridge about 200 yards long 
and up to 25 feet high in Dilwyn Bay (Plate II, Fig. C). 
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Descriptions of Plates 

Plate I, A and B. Reproductions of portions of aerial photographs (Cape Otway run). 

A—Coast between Pebble Point (on extreme left) and north-west end of Marie Gabrielle Beach ; Devil’s Kitchen 
in centre. Showing erosion amphitheatres oil cliff tops, slump terraces below scarp on west side of Dilwyn Bay and 
reefs off Point Bell and Point Lucton. 

B—Coast between south-east end of Marie Gabrielle Beach and wrecked barge (on right margin) in Crayfish 
Bay: Moonlight Head in centre (above letter B). Showing indented coastline, bold cliffs, deep gullying, erosion 
amphitheatre (on left) and reefs off beadlands. 

(R.A.A.F. photographs). 

C—Microphotograph (X380) of plant cuticle with fossil fungus referable to the order Pcronosporales. From 
the Rivernook Bed, about half way up the sequence in the Wangerrip Formation (Eocene). 

(Miss M, L. Johnson photograph). 

Plate II 

A—Dip-slip dip fault (F 3 ) with Eocene sediments downthrown to the right (north-east). Between Buckley’s 
Point and Point Margaret. 

B—Point Bell with Point Lucton in the distance. Viewed across Dilwyn Bay from ledge at Pebble Point. 
Showing Eocene clays in cliffs resting conformably upon the Pebble Point Beds. 

C—South-east side of Pebble Point from near Oliver Hill. Showing rock platform cut in harder Eocene 
sediments (Pebble Point Beds) and beach ridge in foreground at head of Dilwyn Bay. Eocene clays showing almost 
down to sea level. Wavy skyline due to presence of slump terraces. 

D—Moonlight Head from wave-cut platform at base of The Gable. Showing almost vertical cliffs in Jurassic 
arkoses dipping io° north-west and capped with nearly horizontal Eocene sediments. Surface of unconformity occurs 
high up in the sea cliffs at the position of marked change in the cliff profile. 

(F. A. Singleton photograph). 

E—Aerial photograph of portion of the Gelhbrand River valley. Showing alluvial flats (between the river and 
the road to the north) with partially buried cut-off spur and river-cut spurs. Line on photograph represents half a mile. 

(R.A.A.F. photograph). 

F—The cliffed headland of Moonlight Head from east side of Crayfish Bay. Showing J urassie cliffs in foreground, 
capped (in the background) with Eocene sediments. (The wrecked barge in the foreground is the same as the one in 

fig. B, Plate I). 

Plate III. Panoramic views of the coastline north-west of Pebble Point. 

A—View south-east from Point Margaret to Buckley’s Point, with Point Bell in the background. Showing 
initial erosion amphitheatre high up in the cliffs at Point Margaret, with slumped clays, etc., below. Large erosion 
amphitheatre on north-west side of Buckley’s Point. Eocene rocks form the major part of the cliffs, Jurassic rocks 
appearing low down near sea level and forming the wave-cut platform in the foreground which is covered with a sprink¬ 
ling of sand. 

B—View north west from Point Pember to Buckley’s Point, with Point Ronald (Pleistocene, at mouth of 
Gellibrand River) in background. Showing extensive wave-cut platform in Jurassic rocks, fallen blocks and slumped 
cones of clay, etc., and gently dipping Eocene rocks forming the greater part of the cliffs. 

(F. A. Singleton photographs). 

Plate IV 

A—Eocene-Jurassic, unconformable junction, S.L r . side of Point Bell. Basal Eocene in small pocket is coarse 
gravel, passing up into coarse grit. (Probably represents an infilled pot-hole on the old erosion surface). 

B—High angle, dip-slip oblique fault (Fj), north side of Point Bell. Eocene downthrown to the left (north- 
north-west). 

C—Recent conglomerate on wave-cut platform, Devil’s Kitchen. 

D—Cliff profile of Eocene sediments at Point Pember (north-west side). Showing narrow ledges due to harder 
bands, and talus cone resting at a steep angle against almost vertical cliffs. 

(F. A. Singleton photograph). 

E—Pock-marked cliffs in clays overlying ferruginous grits (forming ledge) at Pebble Point, with pebble beach 

on left. 

F—View north-west along Marie Gabrielle Beach from cliff top near The Gable, with Point Lucton in distance. 
Showing extensive wave-cut platform in Jurassic arkoses and fringing beach sands at base of cliffs. 

(F. A. Singleton photograph). 
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THE BIOLOGICAL SIGNIFICANCE OF EXOSKELETAL STRUCTURES 
IN THE PALAEOZOIC BRACHIOPOD GENUS CHONETES 

by Edmund D. Gill, B.A., B.D. 

[Read io April 1947] 

Abstract 

An attempt is made to interpret the functions of the various exoskeletal structures in 
Chonetes by a study of their form, their relationship to other structures, and their homo- 
logues in extant brachiopods. Attention has been paid especially to the spines on the 
ventral valve which are characteristic of the genus. Something of their ecology is inferred 
from their fossil occurrence. Finally, an attempt is made to estimate the phylogenetic 
significance of the facts and interpretations in this study. 
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Biological Significance of External Structures 

1.—Structure of the Spines 

The spines arranged along the cardinal margin of the ventral valve are the 
most distinctive feature of Chonetes. The spines are made of the same calcic 
material as the shell, and are hollow, as is seen when sections are cut and 
occasionally in decorticated specimens. The hollowness of the spines made 
them light yet strong. The cavity of the spine can be traced into the shell 
material, but no evidence has been found in the specimens studied to prove 
that the spine cavity connected with the cavity between the shells. However, 
for the spines to grow, there would need to be some membrane which could 
secrete the spine, and this would have to be connected with the animal between 
the valves. Perhaps this membrane atrophied when the spine was grown, and 
the aperture leading to the spine was closed. 

The endopunctae of extant brachiopods may be regarded as homologues of 
the spines in the Chonetidae and Productidae. The mantle extends into these 
endopunctae, as no doubt it extended into the spines. The same material was 
secreted in the spine as in the main part of the shell, and so probably the 
same kind of cells did this work. 

In chonetids the spines are usually straight whereas in productids they are 
more often curved. As a rule chonetid spines are inserted into the shell in the 
same direction as that in which they point. The chief exception is the genus 
Longispina , which, however, is very limited in number of species. Dunbar and 
Condra (1932) have shown an exception in Chonetes granulifer Owen (p. 139) ■ 
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The angle at which the spines are set should be measured against the hinge¬ 
line, which is always straight, and not against the cardinal margin, which some¬ 
times forms a vertex. The angle of insertion of the spines is genetically con¬ 
trolled, because it is the same for all members of the species, and it can be 
traced in lineages. 

There was apparently a fairly active evolution in the spines of chonetids, 
judging by the immense variety found in them. The following types have 
been noted : 


Type of Spines 

Example 

Long, straight and thin 

C. ruddockensis 

Short, straight and thin 

C. cresswelli 

Short, straight and thick 

C. robust# 

Short and sinuous 

C. killarensis 

Conical 

C. australis 

Gently curved 

C. melbournensis 

Oblique to hinge-line 

C. striatella 

At right angles to hinge-line 

C. setigera 

Deflected sub-parallel to hinge-line 

Longispina emmetensis 


2.—Function of the Spines 

Any structure in an animal falls into one of the three following categories: 

a. Biologically disadvantageous 

b. Of no biological advantage or disadvantage 

c. Biologically advantageous. 

Natural selection operates for the removal of the first category and for the 
retention of the third. A structure which is biologically ‘ neutral’ may persist 
for the reason that it is not operated upon by natural selection. Changing 
ecological conditions may cause a neutral structure to become biologically 
significant. 

The spines of Chonetes must fall in one of the above three categories. Against 
the first two possibilities is the fact that the genus continued with its spine 
for a period of time of the order of 150,000,000 years, i.e. about twice the 
length of the Tertiary Era (calculated from tables in Holmes, 1937). Moreover, 
there was a tendency in that time to increased spinosity (see Gill 1945, Fig. 1) 
The highly spinose family Productidae arose from Chonetes. Both the Chonetidae 
and Productidae continued as forms prolific both in numbers of species dm 
numbers of individuals until the Permian Period, which witnessed the decline 
of the Brachiopoda as a whole. These two families contain the most successful 
brachiopods ol all geological history. Their spinosity appears to have hail 
something to do with their success. I 

Reversion gave rise to the non-spinose chonetids of the genus A nopha, 
but these forms soon died out--a fact which suggests the spines had biological 
value. Moreover, a good deal of physiological activity would have to be expended 
on the production of spines (especially in the highly spinose Productidae), 
and it is reasonable to assume that unless this activity were of some advantage 
to the animal, natural selection would sooner or later have removed it. The 
spines exhibit a number of remarkable specializations, which suggests that 
natural selection favoured spines, sifting out suitable mutations. 

That some advantage accrued from the presence of spines is suggested also 
by the developments which took place in the superfamily concerned. In the 
Chonetidae there was commonly a single row of spines along the cardinal 
margin of the ventral valve which probably held it above the sea floor, b 
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the Productidae, spines were present over more or less all the surface of both 
valves. In the Richthofeniidae where there were no spines, a similar elevation 
above the sea floor was attained by the thickening of the ventral valve. This 
thickening attained such proportions as to give the brachiopod the appearance 
of a cyathophylloid coral. 

It is easy to see how spines could be of considerable biological advantage. 
Such shellfish, if without means of attachment or elevation, rested on the sea 
floor. The water at the bottom tends to be muddy, less oxygenated, and carry¬ 
ing less micro-organisms for food. The activities of organisms like trilobites 
also caused the mud of the sea-floor to be stirred up. Descending sediments 
reach their highest concentration near the bottom. If the spines acted as stilts 
to keep the animal off the sea floor (as was probably the case in the productids) 
or affixed the animal to some substratum (as was probably the case with the 
chonetids), then there would be a very definite biological advantage, for better 
respiration and food supply would be assured. 

There appear to be two possibilities as to how the spines of Chonetes func¬ 
tioned, viz. : 

a. That the spines were a means of entangling the organism in marine 
plants, crinoids, and such like. 

b. That the spines became actually attached to some substratum. The 
evidence relative to these two views is summarized below. 


Attachment Theory 


Entanglement Theory 


1. No definite callus has been observed on 
Chonetes spines, such as might be expected 
if they were cemented to a substratum. 


2. The spines preserved whole usually taper 
to a point. 


1. The spines are fine and embedded 
in the matrix, so it is very diffi¬ 
cult to determine for certain 
whether any callus is present or 
not. 

2. The spines are usually broken off, 
and this may be explained as due 
to their having been fixed and 
then snapped off. The complete 
spines would then be ones which 
did not become cemented. 

3. In the beds in which Chonetes 
occurs in Victoria, there is no 
evidence of forms with which the 
spines could become entangled 
apart from crinoids and possibly 
algae. 

4. Even if shells did become so 
entangled by their spines, the 
movement of the water would 
soon shake them down. 

5. The pedicle was lost early, and so 
probably the spines would not be 
sufficiently grown to act as an 
organ of entanglement. 

6. Even in adult life many forms 
(e.g. C. hillarensis ) had spines 
which would be useless for such 
entanglement. 


The evidence outlined indicates that the spines of Chonetes had some 
biological significance, and that their function was probably to attach the 
organism where better respiration and nourishment could be obtained. The 
operation of this function is imagined to have been as follows. The larva was 
tree-swimming like that of extant brachiopods ; only so can the distribution 
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of the genus be explained. The larva affixed itself to some substratum by it 
pedicle and proceeded to develop. Early in development the shell was secreted 
providing a certain amount of protection for the developing animal. As the 
valves developed, the pedicle gradually became obsolescent. The spines 
becoming affixed to the substratum, took over the function of the atrophying 
pedicle. The preserved shells of Chonetes show that no functional pedicle wa: 
present in the adult. 

The adult Chonetes was obviously a sedentary animal. Therefore if members 
of the genus were attached to something above the floor of the ocean, then they 
must have become attached in the free-swimming larval stage, the spines 
superceding the failing pedicle. If the spines did not take over the function 
of the pedicle before it atrophied, then the shellfish would fall to the sea-floor 
and the spines would be of little or no use. Many brachiopods such as Crank, 
Davidsonia , Heteralosia, Jiiresania, Leptalosia , Petrocrania, StreptorhyncJm 
Strophalosiina and Thecidea were attached by cementation to some substratum. 
The spines of Chonetes are a biological equivalent of the callus which in the 
above-named genera acted as a means of attachment. In this view, the spines 
are just an elongated and refined callus, fulfilling essentially the same function, 
i.e. attachment. Or, to use another comparison, the spines are the biological 
equivalent of a pedicle, for the pedicle also fulfills the function of attachment. 
Spines cannot be adjusted as a pedicle can, but, on the other hand, there is 
no physiological maintenance. Perhaps the highest specialization of attach¬ 
ment in brachiopods is seen in Etheridgina from the Carboniferous of Scotland, 
whose spines gripped a crinoid stem, and then the ventral valve became 
cemented to it (Davies 1920, p. 31). 

3.—Mechanics of Spines 

Chonetes is believed to have had a semi-floating existence, i.e. it was attached 
to a sub-stratum, not by rigid cementation as when a valve is fixed by callus, 
but by means of elongations of the cxoskeleton (the spines) which allowed a 
certain amount of movement in water currents. The spines were closely adapted 
for such a habitat in that they were constructed to give strength with lightness. 
This was achieved by their pipe-like build. 

Engineers make wide use of the fact that, relative to the weight of thf 
material used, a hollow column has much greater strength than a solid pillar 
of the same diameter. Mr. H. H. Hinton, B.E.E., A.G.Inst. Tech., A.M.Ii 
(Aust.)j has kindly applied this principle to the study of the spines of Chornies- 
Assuming that spines are made of homogeneous material which complies with 
Hooke's Law, formulae were derived taking into account the usual types oi 
loading.* It was apparent that the spines in most cases would fracture under 
the influence of bending. 

The equation quoted in the footnote brings up the problem of the material 
with which the spines were filled. In the active stages of growth, the spfa fiS 


*The relationship between the strength and the weight per unit length for hollow and 
solid spines subjected to bending is expressed by the following equation : 

Strength per unit w eight, hollow _ (R r 4 —R 2 4 ) (G s —Gw) 

Strength per unit height, solid RRj |(Rj 2 —R 2 2 ) Gh—R 2 2 Gf—Rj 2 G w ] 

where R-= radius of solid spine 

R x = outside radius of hollow spine 
1G, = inside radius of hollow spine 

Gf=weight per unit volume of material with which the hollow spine is filled. 

Gh = do. of material of which the hollow spine is made 
G s = do. of material of which solid spine is made 
Gw = do. of water in which spine is located. 
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must have been lined with a layer of lime-secreting cells ; only so could the 
spines be formed. The centre may have been filled with parenchymatous tissue, 
or gas-filled. As no connection of the spine cavity with the mantle cavity in 
mature shells has been demonstrated in the species studied (although proved 
for the Pennsylvanian species C. granulifer —Dunbar and Condra, 1932, p. 
139) it is possible that the membrane in the spine atrophied, and the orifice 
was closed off by the mantle secretions on the inside of the shell whereby the 
valves were thickened. Productid spines had their cavities sealed off in this 
way. As one is unable at present to prove what was the nature of the material 
filling the spine, it is suggested that its weight per unit volume be taken as 
the same as the water surrounding the outside of the spine for the purposes of 
the present calculation. On this assumption, the factor G f can be eliminated 
from the equation. The relative strength weight for weight of a solid spine 
as against a hollow spine of the same diameter will now be considered, so R can 
be equated with R v Thus simplified, the equation will read 

Strength per unit weight, hollow R 2 2 

Strength per unit weight, solid — 1 R 2 

Thus, if the external radius of a hollow spine is 1 mm. and the internal 
radius 0-5 mm., then the relative strengths of a hollow and solid spine weight 
for weight will be 1-25 : 1, i.e. under the conditions of immersion in water in 
which Chonetes lived, a certain amount of calcium carbonate expended in a 
hollow spine having a cavity diameter of half the outside diameter, would give 
1*25 times the strength as when used to build a solid spine. If the external 
and internal diameters were 1 m.m and 0-9 mm. respectively, then the relative 
strengths of a hollow and solid spine weight for weight would be i*8 : 1. This 
means a physiological advantage of strength with lightness and conservation 
of biochemical activity. 

Another structural feature worthy of notice is the strengthening of the 
spine at a likely point of failure, viz., where it joins the valve. Strengthening 
is effected by thickening. The cavity of the spine is not changed in diameter, 
but the wall is thickened at the point of juncture of the spine with the valve 

(Fig. iA). 

In Chonetes the spines are set along the posterior margin of the ventral 
valve either at right angles or obliquely to the hingeline. The latter group 
strongly pre-dominates, and this fact is probably significant. If force is applied, 
for example, as shown in Fig. 1 B, then the principle of leverage applies. A set 
of spines at right angles to the hingeline (as in Fig. 1 B) would not be so effective 
in withstanding a force from the direction indicated as the same number of 
spines fixed obliquely (as in Fig'. 1 D). Chonetes could not so well withstand a 
force applied in a line vertical to the plane of the valves. Spines as those of 
Produetus would then be more advantageous. 

It has been noticed that when the spines, in Chonetes are curved, they are 
invariably curved outwards. 

4.—Shape of the Valves 

The earliest symmetry, both palaeontologically and ontogenetically, is 
radial. This symmetry provides even contact between organism and environ- 
m ent; it provides also even distances for the diffusion of physiological sub¬ 
stances and transference of impulses. Specializations caused the radial sym- 
metry to give way to a bilateral symmetry. In the Atremata and Neotremata, 
evidences of a primitive radial symmetry are apparent ; evidences are seen also 
in the ontogeny of extant brachiopods/ In the Chonetidae, the bilateral sym¬ 
metry is very strongly developed, the organism being characterized by inequb 
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A. Strengthening of spine at insertion into shell by thickening. 

B. Chonetes attached to substratum. Lever effect when spines at right angles to hinge line. 

C. Nature of forces operating on spines in B. 

D. To show better distribution of forces through cross-section of spines when these are 
set at an angle to the hingeline. 

valved equilateral shells, generally more or less semicircular in outline with a ^ 
wide hingeline. 

As in a number of brachiopods, the chonetids commonly have a median 
sinus in the ventral valve and a corresponding fold in the dorsal valve (e.g. 
Chonetes cresswclli). This condition is half-way to the full trilobation of the 
shell seen in genera like Camarotoechia. The biological values of the plication 
are probably : 

a To strengthen the shell; compare the added rigidity gained by putting 
corrugations in corrugated iron. 

b The central channel in the shell would create a current of water in that 
direction. Judging by existing brachiopods the exhalant canal would 
be in the centre and this current would sweep away the animal's excreta. 
The configuration of the shell and the central current would also tend 
to create currents at the sides where the inhalant canals were probably i 
situated. This would facilitate feeding and respiration (see Morse 1878, I 
Lamont 1934). 

A further interesting structural feature is the greater deposition of shell 
substance by the mantle in the .umbonal area, i.e., where the forces imposed 
on the valves are greatest owing to muscle action, and to articulation. The 
shell thins off towards the anterior margin where such large forces do not 
operate. There is thus an economy of material and a combination of strength 
with lightness. 1 his fits the semi-floating habit of Chonetes and contrasts with 
the heavy calcification of other strophomenoids like Strophonellaides and 
Siilcatostrophia. The thickness of the shell in the umbonal region indicates 
that the mantle of Chonetes must have secreted calcium carbonate not only 
at the edge but also on the inside of the shell. As the ventral protegulum 
grew outwards to form the adult valve, the umbonal region was progressively 
strengthened by further deposition of calcic material. 

The umbo is negligible in Chonetes. The biological advantage of the umbo 
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appears to be to strengthen the shell and to protect the pedicle opening. With 
the need for lightness in Chonetes and the obsolescence of the pedicle, the umbo 
is negligible in size. 

5.—Ornament 

From a biological point of view, there is no such thing in nature as ‘ orna¬ 
ment.’ Every structure has a function, except where for a time a biologically 
neutral structure may escape the process of natural selection. The costae of 
Chonetes are an organ in the biological sense—a structure with a function. 
Morse (1902) has shown that costae are connected in extant brachiopods with 
setae. The setae are arranged around the anterior margin of the mantle, which 
rises over each seta, and so in secreting the exoskeleton forms a costa over each 
seta. In the extant brachiopods studied by Morse, each costa corresponds with 
a seta. If this applies to the Palaeozoic chonetids, then the costae are to be 
explained primarily as accommodations of the exoskeleton to irregularities 
of the mantle surface caused by the setae. The setae serve to exclude foreign 
bodies from between the valves, and the costae help to keep the setae in place. 
Lamont points out that where the environment is muddy, shells with fine 
ornament tend to occur, i.e. with setae set closely together and so able to cope 
with foreign bodies of small diameter. In the Victorian Chonetidae, there does 
not seem to be any correlation between the size of the costae and the type of 
enclosing sediments. If, as hypothecated, Chonetes lived attached to some 
substratum above the bottom, then correlation between size of costae and type 
of sediment would not be necessarily expected. However, the costae provide 
once again strength with lightness and minimum expenditure of constructive 
material on the same principle as the corrugating of iron sheets. 

On the anterior margin, the costae involve the whole thickness of the shell. 
Sometimes this condition is maintained into maturity, i.e. no deposition of 
shell material takes place on the inside of the shell, and so all the ribs are 
reproduced on the inside of the shell over its whole area (e.g. C. killarensis). 
However, more often there is deposition by the mantle so that little of the 
ribbing appears on the interior of the shell. This is especially so in the area 
occupied by the muscle scars (e.g. C. taggertyensis), The wavy margins of costate 
valves ensures their close apposition upon closure. 

Unless the costae increased in number towards the anterior margin, they 
would become increasingly separated. The increase is by bifurcation and/or 
by intercalation. The fact that the mode of increase generally holds for a 
species indicates that the structure was genetically controlled. The increase 
^ in number of costae no doubt represents an increase in the number of setae 
around the anterior margin, so that the spacing necessary for their effective 
action was maintained. 

Biological Significance of Internal Structures 

Ti 1 .—Median Septum 

Although the valves of Chonetes needed to be light in view of its semi- 
i!| Acting mode of life, they needed also to be strong enough to withstand the 
w; action of the powerful adductor and diductor muscles, and to provide protection 
1 or the soft animal within. The median septum contributes to the achievement 
these ends in the following ways : 

a -. It strengthens the valve in accordance with the buttress or 1 -iron 
1 principle—as commonly applied by engineers for providing strength with 
ivt economy of materials and labour. Such a design keeps the exoskeleton of 
honetes light, gives the necessary strength, and avoids unnecessary physiolo- 
gical activity. 
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The median septum is a structure belonging essentially to the posterior 
end of the valve. Whether long (as in C. taggertyensis) or short (as in C. killar- 
ensis), it is always found in the umbonal region, i.e. where the greatest forces 
are exerted through muscle action and articulation. Variations from species 
to species are seen in the length, width, and height of the septum, and whether 
it terminates abruptly (as in Anoplia australis) or gradually merges into the 
floor of the shell (as in Chonetes taggertyensis). In spite of these variations 
the median septum is always highest and thickest in the umbonal region 
where strength is most needed. 

A second biological advantage of the median septum is that 
b. It provides increased area for muscle attachment, and new angles for 
muscle action. Support for this interpretation is found in the fact that the 
length of the septum in Choneles is related to the size of the muscle scars (see 
Fig. 2 A,B). Where there is a small muscle area there is a short septum, and 



Fig. 2. Internal Structures 

A. Internal cast of ventral valve of a specimen of Chonetes melbonrnensis Chapman 
showing relationship of median septum to muscle scars. 

13 Internal cast of ventral valve of a specimen of Choneles tagger tyensis Gill showing 
relationship of median septum to muscle scars. 

C. Internal cast of ventral valve of a specimen of Anoplia ycringac showing accessory 
septa. 

D. Types of papillae found in Chonetes. The upper two figures show the usual types, whit' 
the lowest illustrates the " ramp ’ type found in Chonetes melbonrnensis Chapman. 

E. Straight fracture line which theoretically wall occur in a flat piece of shell without 
papillae. 

F. Lengthened fracture line when shell strengthened by papillae. 


where there is a large muscle area there is a long median septum. It is known 
for certain that in some brachiopods the adductor muscles were attached to 
the median septum. 

A further specialization is the anterior forking of the septum, a structure 
seen also in the closely related Soiverbyella. (Jones 1928, p. 393) and in Shaktw 
(Castor 1939, p. 31). It has been recorded for Chonetes (e.g. C. radiatulus in 
BcU’rande 1879, FI- 54 . Fig* 1), and hr Anoplia (e.g. A. nucleata in Schuchert 
and Maynard 1913, PI. 13, Fig. 13). In Victoria this feature has been observed 
in a specimen of A noplia, and in a Chonetes from Kinglakc. The forked septum 
would, further strengthen the shell, increase the area for muscle attachment, 
and the angles for the operation of the muscles. 

The median septum is a structure very common in brachiopods, and of 
considerable taxonomic importance. For instance the presence or absence oi 
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a septum distinguishes Brachyprionids from Douvillinoid Stropheodonts 
(Caster 1939, pp. 303 1 )- 

2.—Accessory Septa 

Two accessory septa have been described for Anoplia australis and four for 
A. withersi (Gill, 1945 ). Septa additional to the median one are found also 
in quite a number of species of Chonetes (e.g. C. corqnatus in Shinier and Shrock 
1945, PI. 134, Fig. 15). In most cases studied, the accessory septa do not 
actually reach the median septum (Fig. 2C). The septa are no doubt of similar 
biological value to the median septum. Plurality of septa is not uncommon 
among the Plectambonitids, which stresses again the close relationship be¬ 
tween this family and the C-honetidae (cf. Gill 1945, pp. 128, 130-131). 

3.—Muscle Scars 

The size, shape and degree of excavation of the muscle scars are characters 
of specific and sometimes generic importance. The scars of the Chonetidae are 
non-dendritic, and in this contrast with those of the Procluctidae. The size 
and disposition of the muscle scars in Chonetes suggest a strong and effective 
system. The central placing of the adductor muscles facilitates the closure 
of the valves. C. taggertyensis has a muscle field in the ventral valve which 
covers most of the interior of the shell, as it does in C. sarcinulata (Fig. 2B). 

4.—Papillae 

Considerable variation is evident in the size and shape of papillae, but not 
so much in their distribution. Fig. 2D shows various types noted in the species 
recently described. In distribution, the papillae follow a regular pattern for 
each species, indicating that they are not incidental, like a pearl in an oyster 
shell, but genetically controlled. The heaviest concentration of papillae is on 
the cardinal angles and around the anterior margin. Where the costae appear 
on the interior surface, the papillae are usually set in the depressions of the 
internal surface, i.e., they do not jut out into the inter-valve cavity, but they 
stud (so strengthening) the costae of the external surface which, being the 
more prominent part of the surface, would be subject to greater and more 
frequent impulsive loading. 

The wide distribution of papillae through genera and families of brachiopods, 
and their persistence through succeeding geological periods, suggests retention 
by natural selection of a structure of biological advantage. Morphologically, 
the papillae may be regarded as homologous with the. external spines, i.e. they 
are short, rounded spines, interiorly directed. 

A biological advantage of the papillae which can be proved for Chonetes 
is once again that of providing strength with lightness of weight and economy 
of physiological activity. Along the hinge-line and in the umbonal region the 
valves are strengthened by the shell being thicker and by the presence of a 
median and sometimes accessory septa. The shell is thinnest and so most 
liable to fracture at the cardinal angles and round the anterior margin. The 
papillae strengthen these areas where the exoskeleton is weakest and sudden 
forces may be imposed by collision, by the opening and shutting of the valves, 
etc. The added strength is proportional to the increase made necessary in the 
length of a fracture line round the papillae as against a direct line of fracture 
which would be possible where there were no papillae (Fig. 2'E-F). The area 
of cross-section to be fractured is increased. 

Sometimes (as in the dorsal interior of C. melbournensis) the papillae are 
found over the entire interior surface of a valve. In the muscle area, the papillae 
would give (like the median septum) greater area of attachment and a larger 
number of angles of pull. 
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5.—Articulating Apparatus 

In all articulate shelly fossils, hinge structures are of primary classificatory 
importance. Biologically, these structures are of great moment too, because 
they are part of the complicated mechanism whereby the exoskeleton could 
be opened for active respiration and ingestion, but closed as a protective 
measure in time of danger. A gene complex controlled the deposition of calcium 
salts along the hinge-line so that instead of a solid layer being deposited as 
over the rest of the mantle, a series of structures were built which could be 
used for the articulation of the two valves, and for other functions. 

The articulating apparatus in Chonetes consists of a hinge margin (with 
narrow palintrope) and ventral teeth of varying strength usually unsupported 
by dental lamellae, which accommodate between them the cardinal process 
of the. dorsal valve. The long hinge margin provides a considerable articulating 
surface, and the teeth prevent any lateral movement such as takes place in 
some Inarticulata. 

The hinge-line is specialized in Eodevonaria (Breger, 1906) by being creml- 
late. This structure appears to have arisen independently of the same feature 
in the Strophomenidae, i.e. they are homologues. Eodevonaria did not appear 
until Devonian times, and in its general form it so closely simulates Devonian 
species of Chonetes that one cannot doubt that it rose directly from them. 

As far as the cardinal process is concerned, the Chonetidae are part of an 
evolutionary sequence which can be traced through the Strophomenaceae. In 
plectambonitids like Leptellina , the cardinal process is a simple ridge, while in 
other genera of the family, there is a simple cardinal process, sometimes 
grooved ( Sowerbyella ). In the Chonetidae the cardinal process is still a com¬ 
paratively small structure, but its myophore becomes more specialized, being 
often quadrilobate {Chonetes). In the Strophomenidae the process is simple or 
pedunculate, commonly with a degree of specialization comparable with that 
in the Chonetidae. However, in the Productidac the cardinal process becomes 
relatively much larger and more specialized, and assumes considerable taxoiv 
ornic importance. The process was a terminus for the attachment of the diductor 
muscle, and so the increased area and greater leverage (with greater length) 
would be a distinct advantage in the Productidae where the shells become 
larger and heavier than in the Chonetidae. 

6.—Brachiophores 

These are simple and nodular as a rule in Chonetes , no crura or brachidium 
being present. In the Chonetidae the brachiophores are very, simple altogether, 
contrasting in a marked way with the elaborate cardinalia of some families 
of the relotremata. However, the lophophore organization must have been 
fairly efficient, for the Chonetidae were one of the most prolific families in 
numbers, and one of the most enduring in time. 

7.—Inter-valve Cavity 

The various species of Chonetes are either concavo-convex (the more usual) 
or plano-convex, and the space between the valves small. If the shells are 
concavo-convex, then the two valves follow one another fairly closely. If they 
are plano-convex, then the convexity of the ventral valve is not very great. 
The small inter-valve cavity of Chonetes shows that the animal was a thin one 
and thus light—in keeping with the semi-floating existence it is believed to 
have had. I presume that the name Chonetes (from the Greek work for a funnel) 
was given the genus on account of the shallow inter-valve cavity. Sutton 
(1:938) considers the size of the cavity important taxonomically. 
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Lamont claims that the small size of the inter-valve cavity and the fineness 
of the ornament would suggest adaptation to a muddy environment. Since 
Chonetes arose from mud-loving forms (see Gill, 1945), the presence of such 
adaptations are readily understood even if Chonetes was attached by its spines 
to a substratum. Furthermore, if the spines failed in their work of supporting 
the animal, then it would have to adapt itself to life on the sea floor. 

The Ecology of Chonetes 

The genus Chonetes is found in diverse facies. For example, it is found in 
the beds of Rhenish facies at Whittlesea, and beds of Bohemian facies at 
Lilydale. Chonetes has no terrestrial or pelagic species, as far as is known. The 
presence of Chonetes in a variety of facies makes it valuable as a stratigraphic 
index fossil. The success of Chonetes is no doubt linked with its adaptability 
to a number of environments. 

Kulikov (1946) has recently studied the distribution of brachiopods in the 
Abdulino bioherm (Ural Mts.) as dependent on facies, and has noted that 
‘The brachiopods are strictly confined to definite facies of the reef massif. 
Only some few species belonging chiefly to Productidae were able to live in 
all the facies of the Abdulino reef/ 

Dunbar and Condra (1932) write, ‘ Of all the families of brachiopods, the 
Chonetids are most useful for a general scheme of zonation, since they occur 
in abundance in nearly all fossiliferous horizons and display marked evolutional 
changes ’ (p. 22). 

Many species of Chonetes appear aggregated in great numbers, from which 
we may infer that they were f gregarious ’ in habit. Many extant brachiopods 
grow in great clusters. 

Phylogenetic Implications 

A survey of the very long history of the genus Chonetes shows that the same 
general form was maintained throughout ; there was much variation but no 
change in fundamental character. There must therefore have been a fairly 
stable gene complex present on the whole, allowing variation but avoiding 
the over-specialization which brought about the elimination of so many forms. 
The organism was well adapted, but at the same time successful in a variety 
of facies. 

Addendum 

Dr. Curt Teichert has kindly directed my attention to a paper by Schmidt 
(1938) who 

1. Criticises Beecher's (1898) theory that spinosity is an expression of phyloger- 
ontism. This criticism holds as far as the Chonetidae are concerned, because 
that family was spinose throughout the whole of its exceedingly long 
palaeontological history. 

2. Suggests that spines fulfilled a respiratory function. The great increase 
of surface provided by filiform extensions of a marine animal greatly aid 
respiration if they are in contact with the sea-water. But in Chonetes 
they were not. The mantle extensions in the spines were covered by a solid 
layer of calcareous material. Schmidt's theory is therefore unacceptable 
as far as Chonetes is concerned. 

3. States that spinose forms are found in habitats with poor oxygen supply. 
This argument is not applicable to Chonetes , which is found in such a broad 
range of ecological conditions. 

It is probable, in the writer’s opinion, that no one explanation can be given 
for all spines. They are quite likely different organs in different animals ful- 
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filling quite different functions, although homoeomorphic. All spines, in this 

view, are not homologues. 
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THE SHORE PLATFORMS OF FLINDERS, VICTORIA 
by J- T. Jutson, D.Sc., LL.B. 

[Read 12 June 1947] 

Abstract 

Along the shores oi Western Port Bay and of the ocean, the rocks consist of alternating 
slightly undulating bands of Cainozoic basic lava flows and pyroclastic rocks (tuffs and 
agglomerates) and a red clay of uncertain origin varying in thickness from a foot or less 
to about 40 feet. In the bay, the coast-line is mature and consists of a series of long, open, 
sandy bays or scallops, flanked by comparatively low headlands and backed by steeply 
sloping cliffs, which are mainly covered by vegetation. The ocean coast-line is youthful 
and is in marked contrast with that of the bay in that it consists of a succession of com¬ 
paratively small bays, flanked by high steep headlands, resulting locally in a crenulatcd 
outline and with more bare rocks exposed in the cliff sections. Along both coasts there 
are extensive well-developed shore platforms, those of the bay being wider than those of 
the ocean. 

The platforms are of three types : (1) the high-level ; (2) the normal ; and (3) the 
ultimate. Above the high-level platforms are narrow shelves which up to a height of at 
least 10 feet above the normal platform (which is usuaLly only fully exposed at low tide) 
are being cut by the waves and spray of the sea assisted by atmospheric erosion. Rock 
fans due to marine erosion are other features associated with the platforms. 

The platforms and associated features arc due in the main to wave planation and 
the working of the sea downward along tiie nearly vertical joints of the hard basalt. 
Practically no ramparts exist at the outer (seaward) edge of the normal platform, but the 
abrasion ramp at the inner (landward) edge is almost invariably present. All the platforms 
except the ultimate one are in process of destruction at their seawmrd edges and most 
are in process of extension at their landward edges. The actual surfaces of the platforms 
are being modified in various wa} T s. 

The platforms and shelves afford no definite evidence of recent change of sea-level. 
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Introduction 

Flinders, at the south-eastern corner of the Mornington Peninsula and at 
tne south-western corner of Western Port Bay, has an extensive series of shore 
P atforms, both in the bay and along the ocean front. A study of these features 
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throws considerable light on their mode of formation, growth and destruction 
as well as on the erosive processes of the sea in general. 

The observations recorded in this paper are based on that portion of the 
ocean coast which extends westwards from West Head for about five miles 
to just beyond Stockyard Creek and on that portion of the bay coast which 
extends northwards from the same headland for about eight miles to Coles’ 
Beach (Fig. i). 



Previous Work 

So far as the writer is aware, with the exception of remarks by J. A. Kershaw 
(1902), A. E. Kitson (1902) and S. R. Mitchell (1930) as to the occurrence of 
rock platforms at Flinders due to marine erosion, there is no literature dealing 
with the geomorphology of the platforms. The general geology, however, was 
indicated many years ago by A. R. C. Selwyn (1856) in his valuable map accom¬ 
panying his report on the Mornington Peninsula and the country farther north- 
lx. B. Pritchard (1903) and A. E. Kitson (1902) have also made some contri¬ 
butions to the geology ol the area. These various records have been availed of 
by the writer so far as the study of the geology is required for the purpose of 
this paper. P S. Hall (1902) suggested that there had been a recent emergence 
to the extent of at least five feet and R. A. Kcble (1936) has discussed the ques¬ 
tion of advancing and retreating shorelines on the western coast of Western 
Port Bay. 

The Component Rocks 

I he rocks forming the coast consist almost entirely of basalt and associated j 
pryoclastic rocks (agglomerates, breccias and tuffs) of Cainozoic age. There I 
is also a red clay, the origin of which is not clear. It is out of all these rocks 
that the shore platforms have been carved. Further details are given in the 
discussion as to the origin of the platforms. 

On top of the volcanic rocks there are some Tertiary or Post-Tertiary sands 
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but these do not bear on the subject matter of this paper so they are not 
further mentioned. 

The Coast-Line 

The ocean coast-line is an irregular one, consisting of bold headlands 
separated by pronounced bays (Plate V, Fig. 1). This is true, broadly speaking, 
but in detail the coast-line is minutely crenulated. The headlands are simple 
or compound, the simple form having only one prominent point and the 
compound form having two or more minor points, separated by tiny bays. 
The headlands in their lower portions are usually vertical with bare rock 
surfaces up to about 25 feet above sea-level, but are clothed with vegetation 
in their upper less steep - ) portions. The cliffs backing the bays mostly have 
j vegetation from summit to or nearly to base, and their angle of slope would 
probably average about 70 0 from the horizontal. A factor in keeping the cliffs 
steep is the alternation of hard and soft rocks. The latter, when underlying 
the former, are fairly rapidly eroded and so falls of the upper hard bands take 
place. The same alternation at sea-level is, in places, responsible for the head¬ 
lands and the bays. 

Most of the bays have scanty sandy beaches, but shingle beaches are 
common, especially on each side of a headland. Extensive, but comparatively 
narrow, rock platforms occur, particularly in front of the headlands. The 
coast-line is youthful or early mature. At the prominent headland on the ocean 
about a mile to the east of the mouth of Stockyard Creek there is a remarkable 
scree deposit. 

The bay coast-line is smoother in outline than that of the ocean. The 
headlands are low and narrow with vertical rock faces usually rising only a 
few feet above sea-level, beyond which are sloping vegetated cliffs. With the 
exceptions of Point Leo and at Coles' Beach, the headlands project very slightly 
beyond the bays which form the major portion of the coast-line. The bays are 
backed by wide sandy beaches—a fine example of which is between Points 
Honeysuckle and Leo—with some shingle, especially near the headlands, and 
by fairly steep cliffs mostly covered from top to base or near the base by 
vegetation. Long and wide well-developed rock platforms are characteristic 
of the bay coast. The coast-line is mature. 
al . In the ocean, as well as in Western Port Bay, the vegetated cliffs are covered 
by a mantle of detritus. In the bays, those cliffs in many places arc in course 
\i of erosion by the sea, thus producing vertical cliffs of solid rock or detritus for a 
, height of from two to 20 feet or more above sea level. At the ocean, the cliffs 
,)£ are from 100 to 200 feet high and those of the bay from 50 to 100 feet. 

, t - The shingle in both ocean and bay consists only of hard grey basalt, well 
■tp W&terworn, the individual pebbles or boulders varying in diameter from one 
J< to nine or ten inches. The boulders of some heavy shingle bands are sub- 
y angular and have been derived from near-by columnar basalt. The shingle 
K , occurs mainly at the foot of the cliffs, apart from the fronts of the headlands 
w hich are mostly free of shingle, and is thrown to a height of five feet above 
the level of the normal platform. In places, as at Double Creek on the ocean, 
it blocks the mouth of a stream, but the water filters through. Shingle is also 
found on some platforms as is noted when treating of those features. 

Progradation is mostly absent along the ocean coast, except in front of 
the poiyzoal limestone outcrop, but within the bay there are areas up to about 
two chains wide, consisting of sand or shingle or both, now wholly or partly 
covered with vegetation, probably nowhere more than three feet above the 
beaches, and forming either level belts or a series of low beach ridges with 
intervening depressions. The level belts may originally also have been ridges 
f jl " and depressions, but, by the filling in of the latter by marine detritus, those 
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features have been transformed into level belts. Examples are found immediately 
to the south of the pier ; to the north of Boyd's Point; just to the north of 
Shoreham ; and at Coles’ Beach, all in Western Port Bay. These prograded 
areas, which in places are capped by blown sands, are being eroded again so 
that cliffs of sand up to eight feet high are fairly common. At Point Leo, the I 
erosion is bringing down large trees. 

The country immediately behind the coast-line is fairly well dissected by 
small valleys, some of which are hanging, an example of which is to the east of 
Stockyard Creek where the stream, after descending for a short distance in 
cascades, has a vertical drop to the beach of about 50 feet. 

The range of the tide at the Flinders Pier, which is just inside Western 
Port Bay from the ocean, is nine feet for spring and seven feet for neap tides. 
This information has been kindly supplied by the Ports and Harbours Branch 
of the Public Works Department of Victoria. These are the only records 
available as to the range of the tide along the portions of the ocean and bay 
coast-line dealt with in this paper. Probably at the actual ocean front the 
range will not be less, and may be greater. It may diminish northwards from 
the pier. 

General Description of the Platforms 

These consist of the normal platform, the high-level platforms (with their 
associated shelves) and the ultimate platform. In addition there are rock fans 
and resurrected platforms. The nomenclature adopted is that used by the 
writer in his descriptions of the platforms at Sydney, New South Wales (1939), 
and at Mt. Martha Port Phillip Bay, Victoria (1940). It is recognised that the 
terms used in this paper are not the most suitable, but in the absence of better 
ones they are retained for the present. The terms “ upper horizontal platform" 
and ‘ lower sloping platform ’ in replacement of ‘ normal platform ’ and ‘ ulti¬ 
mate platform ’ respectively are from the descriptive aspect more suitable 
but they are clumsy and therefore are rejected. 

The Normal Platform 

General Features. The normal platform is exposed at low tide and is 
generally covered at high tide. It is very extensively developed along the 
coasts of the ocean and of Western Port Bay. In the latter, fine examples are 
at West Head, Boyd's Point, Shoreham, Honeysuckle Point, Point Leo and 
Coles’ Beach (Plate V, Fig. 3). At the ocean it extends, broadly speaking, 
almost continuously westward from West Head (Plate VI, Fig. 1). In places 
it has been much cut into by marine erosion, so as to leave only narrow strips 
or isolated fragments, as may be seen in some of the small bays on the ocean 
to the west of the polyzoal limestone outcrop (Fig. 2) ; and also between Honey¬ 
suckle Point and Point Leo, and at Coles' Beach, all in Western Port Bay- 
Where complete removal lias occurred, the ultimate platform replaces the ; 
normal platform, in some instances right to the shore. A fine example of 
numerous channels cut through an extensive normal platform occurs on the 
ocean coast in front of the polyzoal limestone outcrop just mentioned. The 
normal platform often has a decided sloping fall parallel to the coast-line from 
a headland to a bay as, e.g., in Shoreham Bay just south of Shoreham. 

The normal platform varies much in width, that is to say, the length across 
the platform at right angles to the shore. It is wider in the bay than in the 
ocean. Thus of fifteen measurements or estimated measurements in the bay 
the average width is about seven chains. Of nine in the ocean the average 
width is about five chains. In the bay, the platform at Honeysuckle Point 
attains a width of about seventeen chains which is about the width of the 












The Shore Platforms of Flinders , Victoria 61 

platform in the ocean in front of the polyzoal limestone outcrop. This width, 
however, is abnormal. (It should be mentioned that none of the measurements 
was made in pronounced indentations, where the platform is usually much 
reduced in width or altogether removed by marine erosion, as already pointed 
out). 



Fig. 2. Diagrammatic plan showing the removal of the normal platform in small bays 
with the formation of the ultimate platform. K.P. Normal platform. U.P. Ulti- 
timate platform. S. A small Stack. About one and a half miles east of the mouth 
of Stockyard Creek on the ocean. 

Fig. 3. Section showing an irregular-surfaced platform cut in the grey (G) rock at the 
foot of a cliff and a lower smoother platform cut two to three feet below the 
upper one along the junction of the grey and red (R) rocks. Both platforms may 
be regarded as two phases of the normal platform passing down into the ultimate 
platform (UP). Between the pier and the southern end of West Head. 

The outer, seaward edge of the normal platform is, as a rule, frayed and 
uneven, in places very much so, on account of the varying resistance of its 
component parts to marine-erosion. 

The platform is composed either of the tough grey basalt, subsequently 
referred to as ' the grey rock or of the red or brown pyroclastic rocks, de¬ 
composed basalt or the peculiar red clay already referred to, subsequently 
collectively referred to as ‘ the red rock’, or partly of one type and partly of 
the other. Both forms have pronounced joints. An excellent illustration of 
the two types of platform, in this case the red in front of and lower than the 
grey, occurs in the bay a short distance south of the pier as shown by Fig. 3. 
A similar example is on the eastern side of West Head towards the northern 
end of that feature, where a smooth-surfaced grey platform abuts the cliffs, 
and a similar red one abuts the seaward edge of the grey platform eighteen 
inches to three feet below the level of the latter. Thus within certain limits the 
normal platform occurs at different levels. 

In places there are areas of various size sunk, as it were, for a depth of a 
few inches to two or more feet beneath the level of and entirely surrounded by 
the normal platform. An example occurs at the foot of a headland on the 
ocean about midway between the mouths of Double and Stockyard Creeks, 
where a lower red platform is surrounded by the walls of the hard upper grey 
platform. More details are given in the section discussing the origin of the 
normal platform. 

Whilst the surfaces of the platforms are as a rule almost horizontal (although 
some have a distinct slope seaward of a few degrees) and are, on the whole, 
fairly smooth, roughened surfaces occur on some of the hard grey platforms ; 
and, in places, ribs of the same kind of rock occur separated from one another 
hy erosion channels. The softer red platforms are generally very smooth over 
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both large and small areas, and where irregularities occur they are chiefly 
owing to patches of the grey rock in the platform. 

Where iron oxide has formed along the joint planes of the rocks, as at the 
ocean to the west of West Head and, in the bay, at Point Leo, its great erosive 
resistance produces a somewhat jagged surface* 

In addition to the minor irregularities previously mentioned, residuals, a 
few square feet in area, from eighteen inches to eight feet high and of both types 
of rocks, are found on the normal platform. A comparatively large one occurs 
just to the north of Shoreham. At Coles’ Beach in the bay, some basalt dykes 
traverse the red rock platform and stand three to four feet above it. 

Small stacks, distinguished by their greater size from the residuals just 
mentioned and composed chiefly of the grey rock, are displayed on the ocean 
coast and are undergoing removal by the sea, an interesting point being that 
at some stacks the attack is greater on their landward than on their seaward 
side, owing mostly to a soft band outcropping on the landward side (Plate VII, 
Fig. i). High-level platforms, a few square yards in area, of great smoothness, 
have been cut by the sea on some stacks in the grey rock. 

The surface of a red platform between Boyd’s Point and Manton’s Creek 
in the bay is irregularly and shallowly pitted, the pits being a few inches only 
in diameter. Shallow rock holes or basins containing water when the tide 
recedes and the bottoms of which are often covered by sand and growing sea¬ 
weeds, are characteristic of some platforms. 

The normal platform passes seaward into the ultimate platform either by 
a gentle slope or a sharp drop, whence the sea rapidly deepens. Similarly in 
bays where the normal platform has been replaced by the ultimate platform 
the junction may be sharp or gradual. Ramparts as defined by Wentworth 
(1938) do not exist on the normal platform except to a very minor extent. 

Shingle, except in some hollows, is generally absent from the normal 
platform, but there are some small accumulations in the bay north of the pier 
and some pronounced ones on the eastern side of West Head and on the exten¬ 
sive broken platform in front of the polyzoal limestone at the ocean. The bands 
are in places crescentic in outline on one or more of their sides. Sand and 
marine organic growths are found on some normal platforms. 

Abrasion Ramps 

The abrasion ramp (Wentworth, 1938) is up to about half a chain wide, 
but just south of East Creek, in Western Port Bay, it is about one chain wide, 
an unusual width. Its angle of slope is from 3 0 to io°. It practically universally 
occurs at the foot of the cliffs and forms portion of the normal platform (Fig. 4). 
It can be traced, in places, where covered by heavy shingle. It is generally 
smooth but where the rocks are hard there may be minor irregularities as, 
for example, on the eastern side of West Head. 




Fig. 4. Section showing the general form of the abrasion ramp (A.R.) at the foot of the 
clitf and its relation to the main portion (M.P.) of the normal platform. 

Fig. 5. Section showing an unusual break of about 18 inches vertically between the 
abrasion ramp (A.R.) at the foot of the cliff and the main portion (M.P.) of the 
normal platform. East of the mouth of Double Crock on the ocean. 
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Where the normal platform has been destroyed, the abrasion ramp forms 
the most landward portion of the ultimate platform, and so it is simply part 
of the general seaward slope of that platform ; whereas in the case of the normal 
platform it is more prominent owing usually to the change of slope at the sea¬ 
ward boundary of the ramp. In some cases, e.g., to the east of the mouth of 
Double Creek, on the ocean, there is a distinct step up to eighteen inches in 
height between the outer horizontal portion of the platform and the ramp. 
(Fig. 5). The abrasion ramp may be absent in front of some of the high-level 
platforms. 

The Resurrected Platforms 

In some places, as at Boyd’s Point, the abrasion ramp of the normal plat¬ 
form passes beneath the talus covering the face of the cliff and so there is a 
fossil platform. Parts are now being uncovered by the removal of the talus 
by the action of the sea, and so the fossil platform changes to a resurrected 
one. The talus is probably a few feet thick only (Fig. 6). 

The High-Level Platforms and Associated Shelves 

There are numerous platforms which are not covered by every high tide 
up to about a chain wide and which run parallel to the coast for varying 
distances. They are from two to six feet or more above the normal platform, 
occur chiefly at the headlands and are much more pronounced on the ocean 
coast than on the bay one. It cannot be said that there is one definite level, 
for they occur at different heights, and there may be two or three platforms or 
steps one above each other. In addition to these distinct benches, higher up 
the cliff face are one or more narrow shelves, up to about four feet wide, 
generally free from talus and vegetation. These may attain a height of 
fourteen feet above the normal platform, to which level the waves and sea 
spray at times reach. A marine gasteropod is found living to the same height. 
Above the reach of the spray are other shelves which carry talus and vegetation. 

Examples of the high-level platforms and shelves occur at the ocean at the 
southern end of West Head (Fig. 7) and at several of the headlands west of the 




Bg. 6. Section showing platform and cliff in course of resurrection. N.P. Normal platform. 
T. Talus on cliff face. The solid line is the present surface. The broken line is 
the former surface. Boyd's Point, Western Port Bay. 

7 * Section showing a gulch in the normal platform and the formation of a high-level 
platform and shelves above the normal platform up the cliff face. Sea spray 
reaches to the highest shelf, which is 12 feet above the normal platform, and living 
tto marine mollusca are found on the shelf two feet below the top one. N.P. Normal 

the platform. G. Grey rock. R. Red rock. GU. Gulch. U, Undetermined rock. 

S.E. end of West Head, 
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polyzoal limestone outcrop. Further examples are : (i) On the eastern side of 
West Head where shingle is banked against the cliff face, but otherwise this 
particular high-level platform is free from debris of any kind. The shingle is 
at the same level as that at the head of the beach on each side of the platform; 
(ii) At the small stack in the ocean about half a mile to the west of the mouth of 
Double Creek where two irregular curving platforms a few square yards in 
area occur, one about two feet six inches above the other, and the latter about 
six feet above the normal platform (Plate VII, Fig. 2). Both are cut in the 
grey rock and both have very level surfaces. Further examples of the high- 
level platform occur immediately to tire south of Shoreham at several headlands 
where the platform drops sharply on three sides to the normal platform. 

The surfaces of the high-level platforms are horizontal or nearly so, though 
Plate V, Fig. 2 illustrates an exception. They are usually composed of the grey 
rock but red high-level platforms occur. Shingle is found occasionally on the 
high-level platforms about four feet above the normal platform as at two 
points on the eastern side of West Head but as a rule these platforms are 
free from debris of any kind. 

The Ultimate Platform 

This is the platform of which very little can be seen even at low tide; 
for it is being formed below the level of the normal platform by the destruction 
of the latter. In some instances the ultimate platform originates without the 
intervention of the normal platform. The seaward portion of the latter falls 
either sharply or gently to the ultimate platform which extends seaward with 
apparently a steady fall in that direction. The tide never falls low enough to 
permit this lowest platform to be seen for more than a few square yards near 
the shore in places where the higher platforms have been removed or have 
never existed. The seaward face of the normal platform is being removed by 
the ‘ quarrying ’ action of the waves and if such removal is faster than the 
retreat of the cliffs at the back of the normal platform, the latter will ultimately 
disappear. This has happened in numerous small bays where the ultimate 
platform, mostly covered with sand, shingle and organic growths, falls with a 
pronounced slope seaward, with the remains of the normal platform projecting 
from the headlands at a higher level. Hence, in some bays, only the abrasion 
ramp, which is common to both the normal and ultimate platforms, is seen. 

The ultimate platform is the wave-cut platform figured in nearly every 
text book of geology and geomorphology as the normal result of marine abrasion, 
thus overlooking the possibility of the normal platform being formed at the 
same time as or prior to a particular portion of the ultimate platform. A clear 
recognition of the normal platform apart from the ultimate platform is con¬ 
tained in C. A. Cotton’s recent volume on geomorphology although he does 
not use the terminology of the writer. t 

As the sea encroaches on the land, the surface of the ultimate platform 
is no doubt steadily lowered by erosion and consequently becomes covered by 
deepening water unless sedimentation takes place which, however, for a time, 
wave or current action may prevent or retard. Dredging and soundings are 
required to ascertain the depth and angle of slope of the platform and the 
nature and thickness of such of the deposits as rest upon its surface. 

Rock Fans 

These features are restricted almost entirely to the bay coast, the conditions 
along the ocean favouring more the production of definite steps between the 
normal and high-level platforms or between different portions of the normal 
platform. A coastal rock fan may be defined as a portion of the normal platform 
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or a combination of a high-level platform with the normal platform, which 
projects from the coast-line as a very flat half-cone or fan, the base of the fan 
being identical with a portion of the coast-line. The slopes of the fan vary from 
3 0 to io° but such steady slopes are not always maintained. They may rise 
steadily to the highest portion of the fan at the coast-line either without any 
definite break or by one or more steps from a few inches to perhaps two feet 
in height. The outer (seaward) boundaries of the fan are determined by the 
usually definite change from the angle of slope, noted to an approximately 
flat surface, although in some fans ' cliffs a foot or two in height, have formed 
at the main seaward edge. Some fans are convex upwards in all directions but 
this is apparently not true in every case. The result is that small bays of vary¬ 
ing length and depth are formed on either side. The bottoms of these bays are 
parts either of the normal or the ultimate platform. 

There appears to be a rough uniformity in the dimensions of a fan. Thus 
the distance from the middle of the base of the fan in all directions is frequently 
the same, the average length being from one to two chains, but some fans reach 
three to four chains in various directions. The intervening bays are small or 
comparatively large according to whether the fans are closely or widely spaced. 
There is no rule as to spacing of the fans, for as will be shown below, the occur¬ 
rence of the fan is primarily due to the lithological character and geological 
structure of the rocks, and these features vary in space indefinitely. The 
rock fans are usually or most prominently at the foot of the headlands, but 
they may occur independently of the latter. Examples of the fans occur at 
Boyd’s Point, to the south of Shoreham, and between Point Leo and Coles’ 
Beach all in Western Port Bay. 

Origin of the Platforms and Related Features 

Governing Structural and Lithological Factors 

These factors, both on the ocean and the bay coasts are : 

(i) The occurrence of distinct lava flows immediately following one another 
or separated by a bed or several successive beds of pyroclastic rocks or the 
peculiar red clay previously referred to. 

(ii) The great variation in the ‘ hardness ’ and ’ softness ’ of the different 
rock groups. In the lower portions of the cliffs a basalt flow consists, in many 
places, of a practically fresh, tough, dense, dark grey rock ; in a flow im¬ 
mediately above or below, the rocks may be moderately or much decomposed. 
1 lie pyroclastic rocks, from their original nature, and the red clay are much 
less resistant to erosion than the basalt. This resistance is further lowered by 
the decomposition which has in some instances taken place in the pyroclastic 
rocks since their deposition. 

(iii) The approximate horizontality of many of the upper and lower sur¬ 
faces of the various bands of rock. Those surfaces are, however, in places 
either gently or steeply inclined but a steep f dip ’ is not common, and on 
account of the large number of practically horizontal surfaces there is little 
truncation of the beds. 

(iv) The almost universal traversing of the basalt by vertical or nearly 
vertical polygonal joints resulting in columnar structure. The polygons are 
frequently up to three feet wide, less frequently two feet to eighteen inches, 
and, rarely, six to nine inches. Spheroids coincident usually with the width 
of the columns occur, and within the larger spheroids numerous smaller ones 
are found. Many columns are also traversed by innumerable short irregular 
joints and in others a platy structure is developed which varies from o° to 
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about 40° from the horizontal. The platy structure is well seen at a small 
coastal projection on the eastern side of West Head. 

The pyroclastic rocks are also in places strongly jointed but much more 
irregularly than the basalt. The joints dip at almost all angles between the 
vertical and the horizontal. Long prominent joints have minor joints running 
off in various directions and for varying distances. 

(v) The varying thickness of the bands of both classes of volcanic rocks. 
This variation is from a foot to thirty or forty feet but usually does not exceed 
twenty feet. An individual band may in a short distance thicken, thin, or 
altogether die out, resulting in places in a lenticular character ; and so many 
of the planes between the different rock masses are undulatory. 

Mode of Formation 

The Normal Platform 

The normal platform lies between tide marks, and at the foot of the cliffs 
the abrasion ramp is being extended landward by wave attack. The ramp is 
generally smooth-surfaced whether the rocks composing it be red or grey, 
that is whether ' soft' or ‘ hard \ The extension of the platform is also going 
on around stacks by the waves undercutting the stacks. These facts indicate 
that the present landward extension of the platforms is due to wave planation, 
using that term in its broadest sense, and there is nothing to suggest that the 
whole platform was not originally formed in the same way. 

7 he alternation of grey (hard) with red (soft) rocks has an important 
bearing on the formation of the platforms and related features. Where a grey 
band is overlain by a red band, the latter is rapidly removed by wave attack 
leaving a platform of grey rock. That platform can be removed, although more 
slowly than the red one, by the ‘ quarrying ’ action of the waves on the exposed 
more or less vertical face of the band ; and if there is another red band below, 
a red platform may be formed, as may be seen at a headland on the ocean a 
little to the west of the mouth of Double Creek and on the eastern side of 
West Head. A fine example of the removal of a grey platform leaving a red 
one below occurs between West Head and Boyd s Point (Fig. 8). A more 
advanced stage is the almost entire removal of the grey rock (Fig. 9). 

A further example occurs just to the south of Boyd's Point at two small 
residuals (Plate VI, big. 2), where erosion lias cut a platform in the red rock 
two leet below its junction with the overlying grey band. 

Where a red band occurs between two grey ones, the upper grey band and 
the red band may be simultaneously removed, with the formation of a nip in 
the red band and a platform along the upper surface of the lower grey band 
which in turn may be reduced to a lower level, as shown on the eastern side of 
West Head (Fig, to). W here a spheroidal grey band overlies a red band, a red 
platform may result with weathered out spheroids up to two feet or more in 
diameter of the grey rock resting on it, as may be seen between the mouth 
of Stony Creek and Honeysuckle Point (Fig. n) and about 100 yards north 
of the pier in Western Port Bay (Plate VI, Fig. 3). Between Boyd’s Point and 
Manton s Creek, two distinct red bands are seen, one overlying the other. A 
platform has been cut along the line of separation of the bands and that platform 
is now being destroyed by the ‘ quarndng 1 action of the waves on the lower 
band. ^ 1 he same features occur at the ocean to the west of Double Creek (Fig- 
12). Thus there are distinct steps downward as one traverses the platform 
seaward. With the destruction of the normal platform, the ultimate platform 
extends itself landward. 

Sunken areas within the normal platform have been referred to in the 
general description of the platform. The waves work down a joint plane of 
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the grey rock and may find a red rock below. The softness of the latter enables 
the grey polygons to be undermined and they then topple over, and are grad¬ 
ually broken up and removed by the waves. 11 is remarkable that a grey upper 
band may be removed by lateral erosion at its base after the vertical joints 
have been widened by downward erosion, leaving the soft red band as the 
surface, substantially or little eroded, of another lower platform. The area 
attacked will spread and if, as in places occurs, several of such areas are being 
formed at the same time, serious inroads am made in the surface of the normal 
platform. Two or more areas may coalesce and so a wide platform may ulti¬ 
mately develop excavated out of and surrounded by the normal platform. If 
the deepening continues, the lower platform will eventually become part of 
the ultimate platform. 

The differences in height between successive platforms or shelves, and the 
slight rise or fall of the surfaces of some of the platforms are owing, mainly, to the 
differences of thickness of the component rock masses, and to the undulatory 



Fig. 8. Section showing the remains of a platform of grey rock after the removal, on each 
side of joint planes, of decomposed portions of that rock. The surface of the original 
platform is indicated by the broken horizontal line. H. Hard grey rock. 1 >. 
Decomposed grey rock removed. R. Red rock. J. Joints. About 200 yards 
north of the pier. See also Fig. 12. 

Fig. 9. The same section as Fig. 8 showing the further removal of portions of the 
grey rock. The lower red rock (R) where not protected by the grey rock remnants 
(H) has also been removed to a varying depth up to rS inches. J. Joints. 

l'ig. 10 Section showing two platforms, the lower one cut in the grey (G) rock and the upper 
one (about four feet above the lower one) cut along the junction of the grey and 
red (R) rocks, with a pronounced nip at the foot of the cliff in the red rock which 
is about four feet thick. Grey rock lies above the red rock. The lower platform 
passes downward into the ultimate platform. Between the pier and the southern 
end of West Head. 

Fig- 11. Section showing the spheroidal remains (S) (the spheroids being up to about two 
feet in diameter) of an old grey platform (OP) resting on the present red platform 
(PP). The grey platform was .originally about three feet above the red platform 
The red platform has doubtless been lowered by erosion. G Grey rock. R. Red 
rock. North of Stony Creek Western Port Bay. 

Hg- 12. Section showing three platforms, all in the red rock (R) rising one above another, at 
vertical intervals of about one foot, to the base of the cliff, and, seaward, dropping 
to the ultimate platform. A little west of the mouth of Double Creek on the ocean. 
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surfaces of the latter ; for it is along the junction of these masses that the 
platforms or shelves are most easily cut. 

As stated in the portion describing the coast-line, the height of the cliffs 
of the ocean is from ioo to 200 feet, whilst those of the bay are from 50 to 100 
feet high, and at some of the most prominent headlands, e.g. Point Leo and 
Honeysuckle Point, the height is only about 50 feet. Therefore, other things 
being equal, the retreat of the ocean cliffs would be slower than those of the 
bay, in consequence of the greater amount of material to be removed by the 
waves from the former. But other things are not equal, one important difference 
being the much greater strength of the waves on the ocean front, due to the 
long fetch there as compared with the fetch in the bay. Probably the rocks of 
the ocean coast are tougher than those of the bay by reason of the surface of 
the country adjoining the ocean coast being considerably higher than the 
surface of the country adjoining the bay coast with the result that the lower 
limit of decomposition is nearer sea-level in the bay rocks than in the ocean 
rocks. Hence both height and strength of the ocean rocks are greater than in 
the bay ones ; and therefore, despite the greater strength of the waves on the 
ocean coast, the retreat of the cliffs and of the seaward edge of the platform 
there is probably slower than on the bay coast. I 

The faster retreat of the bay cliffs would also account for the mature coast¬ 
line of the bay as contrasted with that of the ocean. For the same reason, if 
we omit for the moment the rate of recession of the seaward edges of both 
ocean and bay platforms, the bay normal platform, as is the case, should be 
wider than the ocean normal platform, the rate of recession of the seaward 
edges of the platforms must, however, be taken into account, and it would 
seem that at the present time or in the immediately preceding past, the cliffs 
of the bay platform have retreated faster than the seaward edge of that platform 
despite the fact that much more material had to be removed at the landward 
edge of the platform, owing to the height of the cliffs, than at its seaward edge, 
The explanation probably is that at the seaward edge the rocks are much harder 
than those composing the cliffs. No definite rule can, however, be laid down 
since the rocks are not homogeneous. Doubtless the same factors operate 
on the ocean coast, although in not so pronounced a fashion. 

Structural control is much the same in the ocean and bay rocks so that j 
apparently it does not have any substantial bearing on the rate of retreat j 
of either the cliffs or the seaward edges of the platforms. 

Valleys reaching the ocean enable marine erosion to proceed at the mouths 
of the valleys at an accelerated pace in consequence of the removal of so much 
of the cliffs by stream erosion. At Flinders, valleys join both the ocean and 
bay coasts in the embayments, and the spacing and size of such valleys are 
much the same on both coasts, so that neither coast appears to gain an advan¬ 
tage over the other by reason of their occurrence. 

As a platform widens the waves lose much of their erosive power. Con¬ 
sequently the retreat of the cliffs will slow down and, as a coast-line become 
more mature, the headlands are wider-spaced and the intervening long bays 
develop extensive beaches, which in turn yield the sand that the wind seize* 
and builds into dunes. In this way, large portions of the coast are, temporarily 
at least, protected from wave attack. This has happened on the bay coast, 
but as the headlands are further reduced another attack will be made on lb 
protected areas until they reach a stage at which protection will begin again 

It must also be borne in mind that there may be changes in the sbor- 
currents, and that erosion or deposition at one point may change the strength 
or method of attack at another point and so, perhaps, bring about an increase 
or a decrease of erosion or deposition at that second point. That is exemplify' 
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in the changes wrought in a coast-line by the erection of walls and groynes 
to retard erosion and even by the construction of piers. 6 J 

The Abrasion Ramps and Resurrected Platforms 

The abrasion ramps are difficult to account for and the writer knows of 
no really satisfactory explanation of why that portion of the normal platform 
should have a definite slope. They are very widespread, almost universal 
features of the Flinders coast. As the cliffs recede, the ramp migrates landward 
At the same time it is being reduced seaward by marine erosion to the level 
of the mam portion of the platform. The resurrected platforms since they 
appear to be merely the buried extensions of the present abrasion 'ramps now 
in course of exposure again, call for no further statement. 

I he High-Level Platforms and Associated Shelves 

The high-level platforms and the shelves immediately above them (Fig. 7) 
are being cut by wave planation assisted no doubt by the crumbling of the 
soft rocks, owing to their alternate wetting and drying. The higher of these 
shelves, which are free from talus and vegetation, are apparently the result of 
spray erosion combined with the work of the atmospheric agents in the manner 
described in the writer s paper on the platforms of the Sydney district (1939). 

The occurrence of high-level platforms at the foot of headlands is generally 
owing to the outcrop of rocks more resistant than those on each side of the 
headland, the undulating surfaces of the rock bands favouring this difference 
in erosion resistance. 

The Ultimate Platform 

This platform has been described and its origin sufficiently indicated in the 
general description of the platforms so that nothing further need to be said here. 

The Rock Fans 

These appear to be chiefly owing to the undulating surfaces of the alter¬ 
nating red and grey rocks by means of which resistant layers project at certain 
points along the bay coast and give rise to bays cut in places in softer rocks. 

ns disposition of sea and land favours the trimming into shape of the fan, 
since the waves as they pass into the bay on each side of the projection wheel 
umnd to a direction at an acute angle or practically parallel to the coast-line, and 
so they pass on to the fan which they gently abrade, thus tending to reduce 
initial Regularities of the surface. At the front of the fan the sea can make a 
s longer attack and hence a small cliff or a series of low steps may result, but 
no m all instances, the frontal slope in some fans being gradual. 

The Modification of the Normal Platform Surface 

Having described the various platforms and associated phenomena and 
10 lcate(a ] n a general way their origin it will be of advantage to consider in 
some aetad the destructive agencies at work on those features, the record of 
itc i should throw light on the origin of the platforms themselves. Wentworth 
F 93 1 p. T °) has emphasized the necessity for such observations. Since the 
ormal platform is the largest and most accessible and is usually covered and 
ncovered by the sea every day, the remarks following will apply mainly to 
1 ,, P a . rm » bed it must be clearly understood that the formation of the 
fu° rm m pl ace i s > i n the writer's opinion, due to the direct attack 

ot the waves on the base of the cliffs. 

the a ^ a ^ orm composed of grey rock its surface may be modified and at 
same time be kept generally smooth by wave planation. A commoner 
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method of reduction is the cutting by the sea of channels along the vertical 
or nearly vertical joints to varying depths up to three or four feet, when lateral 
abrasion rounds off and gradually removes the various polygons and forms 
another lower platform, composed of either the grey or the red rock, but pend¬ 
ing the formation of the lower platform, the original platform may become 
much roughened. 

The grey rock is in places decomposed along the vertical joints over an 
area up to 12 inches in width (Fig. 13). This fact aids the abrasional attack 
very much. 

A further contributory factor to the reduction of the grey platform is the 
occurrence of small irregular joints a few inches apart within each pofygon. 
Water soaks into the rock along these joints with resulting wetting to some 
extent. The rock dries out, wholly or partly, at low tide, and this alternate 
wetting and drying loosens the rock along the small joint planes, as well as 
generally weakening its cohesion as a whole. The waves, passing over the 
rock surface, may break off and remove fragments usually up to two to three 
inches (although some are less and some up to eight or nine inches) in size, 
as may be seen on a platform a short distance north of Manton's Creek in 
Western Port Bay. These are in places converted into shingle by the action 
of the sea and in the course of this change the rock fragments must rasp the 
platform. Just north of Shoreham are some polygons of hard basalt rising 
above the platform. A close-set spheroidal system is within each polygon so 
that rounded fragments up to about 3 inches in diameter break away and 
provide an almost ready-made shingle. Pronounced horizontal joints or the 
occurrence of a platy structure in the grey rock by aiding decomposition and 
disintegration will also aid in the reduction of the platform (Plate VII, Fig. 3). 

If a band of red rock underlie the grey and the former is able to be attacked 
by the sea, undermining of the grey rock occurs, resulting in its consequent 
rapid separation from the parent mass. This has been illustrated in tine section 
dealing with the mode of formation of the platforms. 

If a platform be composed of red rock, wave planation of its surface would 
seem to be the chief reducing factor, for the rock is soft and even-surfaced 
platforms are easily cut in soft rock. Undermining, where still softer rocks 
underlie the platform, will also operate. 

A second method of the lowering of a red platform is by the formation ol 
small irregular rock holes or basins in the platform. These have already been 
referred to. These basins are from a few inches to about two feet deep, from a 
foot or two to about eight feet or more in length and are narrow in proportion 
to their length. The basins originate mainly along the numerous irregular 
joints which traverse the platform, which run in all directions, which are 
traceable for yards or for inches, and which unite at various angles (big. 14)- 
The sea by direct abrasion along these lines erodes channels a few inches wide 
and deep. They gradually widen and deepen and if there are several intersecting 
joints, erosion around the intersection is greater than elsewhere. They fre¬ 
quently retain at the surface an angular outline. Exactly how the initial 
furrows are widened and deepened it is difficult to say. The shapes of the basins 
and the lack of smoothness of their sides preclude pot-hole erosion, although 
there are in some basins a few rounded pebbles. Instead there is the process 
which may be defined as 1 sapping 1 which is now described. 

The tide, on its retreat, leaves the basins full of water (rock pools) which 
soaks into the surrounding rock, the edges of which, at the surface of the 
platform, can clearly be seen to be softened by this soaking, with the result 
that fragments at and near the top are easily broken off, and so the basins 
become widened. If the joint planes are inclined away from the vertical and 
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Fig. 13. Diagrammatic plan of portion of the grey platform in course of destruction. 

J. Vertical joint planes. H. Hard grey rock. D. Bands of decomposed grey rock 
two to 12 inches wide adjacent to the joint planes and now removed by marine 
erosion. About 200 yards north of the pier. See also Figs. 8 and 9. 

Fig. 14. Diagrammatic plan showing the development of a rock hole on the normal plat¬ 
form along a major joint (MA) and the influence of minor joints (MI) on such 
development. Between Stony Creek and Honeysuckle Point, Western Port Bay. 

inward into the rock the process is quickened by the undermining and collapse 
of the undermined portions. 

In addition to the sapping, with an incoming tide and with a fairly strong 
sea, there must be a certain amount of scouring out of the basins, despite the 
absence of true pot holes, which thus become widened and deepened. It is 
to be noted, however, that in many basins, the sides and bottom, as well as 
the included boulders, are covered with growing seaweeds and other organic 
growths so that for certain periods, at least, scouring must be at a minimum. 

The pool weathering of Wentworth (1938) does not appear to operate on 
the normal platform to any extent since ramparts are almost wholly absent. 

In both classes of rocks, the surface of a platform as a whole is exposed 
to wetting and part drying, and thus a general disintegration may take place, 
the products of which are swept away by the next incoming tide. This process 
may be fairly rapid with the soft rocks and doubtless very slow with the 
hard ones. 

True potholes scantily occur in the grey rocks but are almost wholly absent 
from the red ones. 

The platforms are exposed twice a day for some hours so that when rain 
falls on them disintegration may take place. 

It will thus be seen that the general lowering of either the grey or the red 
platform is owing to many factors of which erosion along joints is one of the 
most important. 

Crystallization of salts from evaporating water on the platform has not 
been noticed, so apparently that form of disintegration of the rock surface 
does not occur. 

Further reduction of a platform may be prevented temporarily where one 
portion has become eroded to a slightly lower depth than the main portions, 
since the hollow may become filled with shingle or sand, as may be seen in 
Western Port Bay between the first two headlands north of the pier. 

The general result of the above described processes will be a roughening 
of the platforms, as Douglas Johnson (1938) has suggested in regard to certain 
processes of secondary weathering of wave-cut platforms put forward by 
Bartrum and Turner (1928, p. 271). 

The Platforms in Relation to the Question of Recent Emergence 

An examination of the platforms and shelves does not yield any definite 
evidence of a recent emergence of the shoreline to the extent of a few feet 
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vertically. The sea is now cutting benches to a height of at least ten feet above 
the normal platform. 

It is, of course, possible that the high level platform and the shelves above 
it (or some of them) were cut at a level lower relatively to sea-level than at 
present, but that appears to be a possibility difficult of proof and consequently 
those features throw no light on the matter. The writer has not looked specially 
for other evidence of emergence, such as sedimentary deposits, but no such 
evidence has come under his notice, although T. S. Hall (1902) has suggested 
that certain deposits are evidence of recent emergence to the extent of at least 
live feet. Even if such evidence be found, it will be difficult to correlate it 
with any of the platform features, since they occur at different levels. Re¬ 
surrected platforms appear to be uncovered continuations of present abrasion 
ramps, so that they do not indicate recent elevation. They and the vegetated 
‘ fossil' cliffs are best accounted for by assuming that marine abrasion in 
certain areas temporarily ceased or slowed down, during which period the 
atmospheric waste from the cliffs accumulated, thereby burying the face of 
the cliffs and the immediate portions of the abrasion ramps at their foot. The 
slowing down of marine abrasion may be due to a change in the direction or 
strength of the prevailing winds or in the currents of the sea or to or combined 
with the deposition of sand (blown or water-borne) and shingle deposits. Some 
of the fossil cliffs are. now again being eroded. 

The normal platforms appear to have been cut with sea-level as at present. 
If so, then there has been a fairly lengthy stillstand of the land, with much 
cutting back of the cliffs and doubtless destruction of those easily removed 
deposits, such as raised beaches, if they ever existed; but allowing for exten¬ 
sive erosion, one would expect to find some convincing evidence of recent 
emergence. 

If there has been recent emergence then the normal platform cut prior to 
emergence must have been almost totally destroyed during the period of the 
formation of the present normal platform. Similarly with regard to the ulti¬ 
mate platform if any portions of that platform had prior to emergence reached 
the shore without a normal platform intervening, those portions have been 
destroyed. 
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Description of Plates 

Plate V 

Fig. 1. The steep cliffs of the ocean and the broken platform at their base. Looking south-westerly towards a 
prominent headland between Double and Stockyard Creeks. 

Fig. 2. The high-level platform sloping parallel to the transverse joints in the slightly inclined columns of hard basalt. 
The lower normal platform, composed of the red rock, three feet below the higher platform, is shown on the 
right. East of the mouth of Double Creek on the ocean, 

I'lg. 3. The normal platform, composed of the red rock with abundant films of water on its surface. In the left 
WT-tern* 1 ? rt ■jg°-’ eot * on F 16 high-level platform composed of the grey rock. North of Manton’s Creek, 

Plate VI 

i ig. 1. General view of the normal platform, with some remains of the high-level platform, looking easterly to 
^ West Head on the ocean. 7 

2 • Asmall residual of the high-level platform resting on the normal platform at Boyd’s Point, Western Port Bay. 
I he upper band is composed of the grey rock three feet six inches thick, and the lower band is the red rock, 
two feet thick. 

1 ig. 3. The normal platform of red rock with remains of an upper grey band mainly in the form of loose spheroidal 
blocks from six inches to two feet in diameter. About 100 yards north of the pier, Western Port Bay. 

Plate VII 

1 ig- 1. A small bay in which the platform has been much destroyed. Note the form of the cliffs in the background, 
the small stack with the collapse of its basaltic columns on the landward side, where also the platform is 

Fie 9 higher than on the seaward side. At the ocean about a mile west of Double Creek. 

** 2 - A sjnall platform cut in the grey rock of a small stack, the platform being four to seven feet above the normal 

Fir 9 ri^ff r™' u half a mile west of Double Creek at the ocean. 

3 ‘ Ullt tace showing the close set horizontal joints in the nearly vertical columns of the basalt. A little to the 
west of Double Creek on the ocean. 
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THE ANGULAR DISTRIBUTION OF THE NEUTRONS FROM THE 

D-D REACTION 

by A. R. W. Wilson, M.Sc., D. W..Keam, M.Sc., and D. N. F. Dunbar, M.Sc. 


[Read 12 June 1947] 


Abstract 

The angular distribution of the neutrons from the D-D reaction has been investigated 
at 145 kV and 190 kV by assuming that it is of the form B (1 + A cos 2 0 ) and determining 
the value of A. This was done by measuring the intensity of the neutrons with silver cathode 
Geiger counters at 90° and o° to the incident deuteron beam. At 145 kV, A was found 
to be 0-90 and at 190 kV, 1 -03 ; the error in each value being less than 10%. These values 
lie on the smooth curve for the proton distribution predicted by theory. 


Introduction 

The D-D reaction gives the two alternative transmutations : 

D 2 + D 2 —> ID + H'.(1) 

D 2 -f- D 2 —> He 3 -f n' .. .. .. (2) 

The angular distribution of the protons from the reaction (1) has been 
investigated by Ncuert (*) in 1937 and by Haxby, Allen and Williams ( 2 ) in 
J 939 * On expressing their results in centre of gravity co-ordinates with angles 
referred to the direction of the deuteron beam, they obtained symmetry about 
the 90° plane as well as about the o° axis. This result was to be expected since, 
in the centre of gravity coordinate system, the deuterons approach one another 
with equal velocity. The distribution obtained was of the form B (1 + A 
cos 2 9 ’) ; A and B being constants and 6 ' the angle between the direction 
considered and the incident deuteron beam. Their measurements at 106 kV 
and 190 kV indicated that A was independent of the accelerating voltage. 

However, later work by Huntoon, Eilett, Bayley and Van Allen ( 3 ) showed 
a marked dependence of A on the accelerating voltage in the region below 
0*5 MeV. 

Since the spins of the neutron and proton are identical and the energy 
balances in the reactions (1) and (2) of the same order of magnitude, it is highly 
probable that the angular distribution of the neutrons can be represented by 
an expression similar to that for the protons. 

In 1936 Kempt on, Browne and Maasdorp ( 4 ) carried out measurements on 
the neutron distribution from the D-D reaction and found that it could be 
represented likewise by the expression B (1 + A cos 2 9 ) but they were unable 
to detect any dependence of A on the accelerating voltage between 100 kV 
and 200 kV. Bennett, Mandeville and Richards ( 5 ) in 1946 determined A for 
neutrons, as a function of accelerating voltage above 0*5 MeV and obtained 
the curve shown in figure (1). This curve, the} 7 pointed out, would join smoothly 
on to the values of A obtained by Huntoon, etc. for the proton distribution and 
they therefore suggested that for low deuteron energies the values of A for 
neutrons coincide with those for protons and are voltage dependent. Haxby, 
Allen and Williams ( 2 ) point out that a non-dependence of A on accelerating 
voltage is not understandable on present theory and it is therefore important 
to check on the values quoted by Kempton, Browne and Maasdorp, 
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- Neutron Data - Bennett Mandevil/e and Richards. 

® Proton Data - Huntoon, El left , Baij/ey and Van Mien. 

o Neutron Data - Kempton , Browne and Maaedorp 

+ Neutron Data — Wilson , Ream and Dunbar. 

Fig. i. 

Experimental 

The D-D source used in the present experiment was a 200 kV neutron gen¬ 
erator described by Martin, Hill and Darby ( 6 ). The yield of 2-3 curies Radon- 
Beryllium equivalent obtained from this generator varied critically with the 
operating conditions and the yields at various angles had to be compared with 
one another through a monitor count. Thus if To' is the intensity at position 1, 
when the monitor intensity is Im', and I0" is the intensity at position 2 when the 
monitor intensity is Im", then 

Intensity in Position I _ 1 9' ^ Im" 

Intensity in Position II Im' I0" 

Ideally, the detector* employed should be sensitive to only the direct 
neutrons, that is, it should have an energy threshold just below the energy of 
the slowest neutrons from the reaction. The detector and monitor used were 
Geiger counters with silver cathodes. Neutrons induce in the silver, activities 
with half lives of 22 seconds and 2*3 minutes and the / 3 -emission from these 
radioactive products can be taken as a measure of the incident neutron in¬ 
tensity. Slow neutrons are more effective in inducing radioactivity in silver 
than are fast ones, thus not only will silver counters detect neutrons of all 
energies, but their greatest sensitivity will be exhibited to neutrons of thermal 
velocities scattered onto them, instead of to the fast neutrons coming directly 


* Since the monitor is simply to record total yield, it is immaterial whether it detects 
glow neutrons or not. 
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from the target. Special measures had therefore to be taken to lessen the 
sensitivity of the detector to slow neutrons in relation to fast neutrons, and 
techniques developed to enable the calculation of the background contribution 
to the measurements. The counters were accordingly enclosed in paraffin 
cylinders of 8 cm. diameter around which, were placed cadmium sheaths i mm. 
thick (Fig. 2). The cadmium, possessing resonance levels around 1 eV, absorbs 
the incident thermal neutrons whilst the paraffin brings the direct neutrons 
which traverse the cadmium to energies at which their effect on the silver is 
most marked. Each counter was coupled to a mechanical recorder through a 
scale of eight possessing a resolving time of less than 2 microseconds. 



Fig. 2. 


Experiments on the effect of varying the amount of cooling material 
(originally alcohol and dry ice) around the target indicated a marked dependence 
of directional yield on this quantity. Accordingly the target was arranged so 
that as little material as possible lay between the target and detector for the 
o° and 90° positions (Fig. 3). With such an arrangement it was possible to 
cool the target with powdered dry ice alone and avoid the presence of the 
alcohol—a strong scatterer. 



POWDERED 
DRV ICE 


It can be shown that to a first approximation 
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90 
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9 a 2 

8 * l 2 


where £? 90 and Q 0 are the average solid angles subtended by the detector of 
diameter, 2a, at the target when distant, 1 , from it. The values of 1 and a 
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used in the experiment gave a maximum difference between f2 i)0 and Q 0 of 
°*7%, thus variation of solid angle subtended by the detector at the target 
introduced negligible errors into the results. The angular definition of the 
beam was io° at the closest position to the target. 

The background due to scattered neutrons was determined by the inverse 
square method. This involved taking observations at three neighbouring 
points for each direction and assuming that the background intensity was 
constant over the range of these points. The plotting of the measured ratios 
against the quantity i/l 2 (1 being the distance between target and detector) 
should give a straight line, the gradient of which gives the true ratio at unit 
distance from the target, whilst the intercept on the ratio axis gives the back¬ 
ground contribution to the ratio. Early measurements of background gave 
values around 50% of the total intensity. Such magnitudes greatly limited 
the accuracy of the final results and it was necessary to reduce the sensitivity 
of the detector to these scattered neutrons. This was achieved by enclosing 
the detector in an n cm. thick paraffin dome with an aperture left in the 
direction of the direct beam, (Fig. 4), an arrangement which reduced all scattered 
neutrons, except those coming from the target direction, to energies at which 
they were absorbed by the cadmium. A boron shield was placed around the 
cadmium to further absorb these slow neutrons. This arrangement reduced 
the background to the order of 10%. 



Fig. 4. 

Determinations of background involve the evaluation of the distance from 
the target to the base of the cone of radiation detected. For the counter alone 
this distance could be taken to the end of the counter nearest the neutron 
source. However, with the counter set back inside the paraffin dome, in addition 
to the neutrons falling directly on the counter face, neutrons with considerable 
velocities could reach the counter after scattering from the annular dome end 
(AA), or from the inner wall (BB), and calculations gave the base of the cone 
of radiation detected as lying close to the front face of the dome. Since measur¬ 
ing the distance to the dome face altered only the magnitude of the background 
and had an inappreciable effect on the value of A, this practice was adopted 
throughout the experiment. 

The procedure adopted in the experiment was to activate the counters for 
half a minute, count for half a minute, and then allow the activity to decay 
for three minutes before the cycle was repeated. A sufficient number of such 
runs w r as taken in each position to allow of a statistical accuracy of 2'5% in 
each ratio of detector counts to monitor counts. Calculations show that this 
ratio is unaffected by either the time of activation or the time of counting. A 
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30 second period of activation was selected because a longer period gave little 
increase in the amount of activity produced. The counting time was not 
extended beyond 30 seconds to ensure that the ratio of decay counts to natural 
counts was kept large—a necessary condition for accuracy. 

Using a y-ray source, the measured counting rates for various source- 
detector distances were compared with those calculated from the inverse 
square law, assuming that there are no losses at the slowest rate of counting. 
A plot of counting losses against counting rates gave a linear relation between 
these quantities. In the actual neutron measurements, however, the counting 
rate decayed exponentially over the 30 sec. interval for which counts were 
taken. In order to correct the total count in each 30 sec. period for the varying 
counting losses caused by this decay, the following relation between the 
observed count, N 0 , and the true count, N, was used. 

N = N o i 1 + i *49 • 10' 4 ■ N 0 ). 

Results 

The ratios of detector to monitor counts, at accelerating voltages of 145 
and 190 kV, were determined at o° and 90° to the incident deuteron beam; 
three source-detector distances being used in each position. 

Figure 5 shows the plots of the ratios against i/l 2 , 1 being the distance 
from source to detector, and the gradient of the line of closest fit, determined 
by the method of least squares, gives the yield in the appropriate direction. 
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Fig. 5 - 


For the purpose of evaluating A at the two accelerating voltages employed 
an intensity distribution in centre of gravity coordinates of the form B 
t 1 + A cos 2 6 ') was assumed. The corresponding intensity distribution in room 
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coordinates can be obtained by multiplying by the ratio of the solid angle in 
centre of gravity coordinates to the solid angle in room coordinates as given by: 

sin 9 ' d 9 r E d icos 9 [6Q + 3E d - E d sin 2 0 ] i + 30 + 2E d - E d smW 

sin 9 d 9 ~ ' [3/2 (Q + i E d ) (6Q + 3 E d - E d sin 2 9 )] * 

where 9 and 9 ' refer to the angles* in centre of gravity and room coordinates 
respectively, 

E d is the energy of the bombarding deuterons, and 
0 =3*3i MeV. 


The ratio of the intensities at o° and 90° in room coordinates for a particular 
value of the accelerating voltage is a function of the constant A alone. Thus on 
equating this ratio to the experimental result the value of A can be determined. 
To a second approximation at 145 KeV deuteron energy 


I 

I 


0 

90 


(1 + A) 1-177_ 

(1 0-0073A) 0*990 


2*26 (experimental result) 


giving A = 0-90 at 145 kV, 


whilst at 190 kV 

I 0 i 1 + A ) i’200 , , , lxX 

I 90 i 1 + 0-0093A) 0*996 ^ 7 

giving A = 1*03 at 190 kV. 

The probable error in each of these results is approximately 10%. These 
values of A are approximately twice the magnitude of those obtained by 
Kempton, Browne and Maasdorp for the same voltage region and are seen from 
Fig. 1 to lie close to the curve of the values of A for the proton distribution 
obtained by Iluntoon, Ellett, Baylcy and Van Allen. 

Since the neutron yield decreases rapidly with an accelerating voltage of 
less than 145 kV it has not been possible to extend the measurements to such 
voltages. The results obtained, however, are sufficient to show that the neutron 
distribution at low accelerating voltages is identical with the proton dis¬ 
tribution. 

We wish to thank Professor Martin and Dr. R. D. Hill for their help and 
interest in this work. Funds for the construction of the neutron generator and 
counting apparatus were provided by the Council for Scientific and Industrial 
Research. 
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AN EXPERIMENTAL ELECTRON ACCELERATOR 
by R. D. Hill, D.Sc., F.Inst.P. 

[Read 12 June 1947] 

Abstract 

A description is given of an electron accelerator which depends on a mag¬ 
netic resonance principle. It was built to test the practicability of using iron- 
free magnetic fields and to indicate possible advantages of a magnetic reson¬ 
ance method for producing high energy electrons. The apparatus was successful 
in producing X-rays of a mean energy of 60 kV. 

Introduction 

The problem of the acceleration of atomic ions and electrons has been a 
vital once since nuclear disintegrations were first artificially achieved by 
Cockcroft and Walton in 1932. Many successful methods have been subse¬ 
quently developed, but interest has now turned to extending these methods 
to high energies, of the order of 1000 million electron volts. 

To consider the acceleration of electrons only, the method of magnetic 
induction acceleration, commonly referred to as the ‘ betatron ' method, was 
until recently the only method which had been used to produce electrons of 
energy greater than several million volts, and although to date a machine 
has been made to produce electrons of 100 million volts it is generally considered 
that the enormous size of the magnet required for the generation of 1000 MeV 
electrons would prohibit its construction. 

The application of the method of magnetic resonance acceleration, referred 
to as the ‘ cyclotron ’ method, to electron acceleration has until recently not 
been considered feasible on account of the relativity mass increase of electrons 
at high energies. In 1945-46 suggestions were made by Veksler and McMillan 
that a magnetic resonance method might be used if either the magnetic field 
or accelerating electric field frequency were slowly varied during acceleration. 
This method, which is now widely referred to as the ' synchrotron T method, 
also possesses an advantage, as compared with the betatron method, that 
only a peripheral field may be required. The construction of a synchrotron to 
produce 1000 MeV electrons with a magnet of practicable proportions appears 
feasible and many designs of such generators have already been laid down. 

In all f cyclical ’ generators the maximum attainable electron energy is 
determined by the product of the outer orbital magnetic field and the radius 
of curvature of the orbit, and when iron is used to produce the magnetic field, 
high energy electrons can only be obtained by increasing the orbital radius 
since the flux density in iron saturates at approximately 15,000 gauss. 

The purpose of the iron is, of course, to reduce the number of ampere-turns 
required to produce the magnetic field. It seems worthwhile, however, to con¬ 
sider the use of air-cored fields, since the elimination of gigantic size iron yokes 
would have tremendous advantages in both construction and expense. 

The field B* in a gap of length d in an iron yoke is given by : 

B - ^ ' 4?r Ni 

(d + & •!) 
r 
Si 
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where N is the number of turns in the energizing coil carrying current i. 

The field B A in the central plane of a Helmholtz system of air-cored coils 
of radius a is given by : 

/x 0 *3277Ni 

b>A— -z 

5V5-2a 

where N is again the total number of turns in the two energizing coils. 

For the same field, therefore, the ratio of the number of ampere-turns 

8a 

required in the case of air-cored coils to the case of iron-cored coils is g m 

This ratio clearly depends upon the ratio of the extent of the field to its length 
and we can gain some estimate of it from an actual cyclotron. For example, 
a cyclotron generating 2 million volt protons had a field gap in iron of 16 inches 
radius and 3 inches length. Thus, in order to produce this same field by means 
of air-cored coils an energizing system of approximately times the ampere- 
turns would be required. 

If the above figure is taken as a guide to the relative magneto-motive forces 
required for producing cyclotron fields by air and iron cores, and if it is re¬ 
membered that in synchrotron operation the power dissipated in the coils is 
less than for continuous operation, it is seen that the possibilities of using air- 
cored coils are favourable. 

The present work was undertaken to test both the possibility of using air- 
cored fields and the applicability of the method of magnetic resonance acceler¬ 
ation to electron acceleration. The feasibility of constructing an experimental 
model was first presented when sources of high power ultra-high-frequency 
electromagnetic radiations became available. During the years 1942-1945 
work was being done in the Melbourne Physics Laboratory on magnetron 
oscillators and these techniques were carried over to the problems of electron 
acceleration. 

Theory 

The motion of an electron of charge e and rest mass m 0 in a magnetic field B 
is described in Gaussian units by the equation : 

m n v 2 Bev , -1 

(• ) " c 

where r is the radius of curvature of the electron’s orbit for a velocity v (c=vel¬ 
ocity of light). 

The frequency of revolution v of the electron in its orbit is given by : 

u = — ( - V ^ i .( 2 ) 

27rm 0 c 1 c z l 

If the electron is to be accelerated by a constant frequency electric field, 
the following condition, obtained from (1) and (2), must therefore be satisfied. 

B= --7 .(3) 


0 -5) j 

The resonance magnetic field B 0 , when v is small compared with c, is given by: 

2rrCvm 0 


B 0 - 


(4) 
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The electron energy E is related to the velocity v by the relativity relation : 

m 

E = .-- m 0 c 2 .( 5 ) 


0 - 5 )‘ 


If it is considered that E increases at the uniform rate of 2Ve per revolution, 
where V is the dee voltage, then by (3) and (4), B should increase at the rate 
given by the equation : 


B - B 0 



( 6 ) 


in order that the electron should remain in phase with the accelerating field. 

For a field increasing at this rate, however, there is also a magnetic in¬ 
duction effect, and the energy F added per turn due to this effect is : 


F = 


e 

c 


d 

dt 


(tt r 2 B) 


(7) 


This energy may be evaluated approximately by assuming that the electron 
has reached its maximum orbital radius given by : 


In actual fact the orbital radius soon tends to this value on account of the rapid 
approach of the electron velocity towards the velocity of light. Thus, assuming 
that B increases according to equation (6), the energy added per turn from the 
betatron effect is calculated to be Ve. This energy is to be added (the direction 
of the electromotive force is correct) to the energy gained from the cyclotron 
effect, and therefore the field B should increase at a faster rate than that given 
by equation (6) if the electron is to be kept in phase with the accelerating 
field. By the method of successive approximations it is clear that if B increases 
at the rate given by : 

ij - b "{S” , + i }. fe) 

then the electron and the accelerating field will be in phase, and the energy 
added by both betatron and cyclotron effects will be 2Ve per turn. 

The rate of change of field given by equation (9) will also satisfy the betatron 
condition for constant radius orbit. In the betatron, in order to maintain a 
constant radius orbit, the rate of change of average flux density threading the 
orbit is twice that at the orbit itself. The same condition can be satisfied if 
the flux density threading the orbit is the same as that at the edge, but the 
energy of the electron increases at twice the rate determined by the magnetic 
induction effect. This is just the case outlined by equation (9). 

If the rate of change of field is greater than that given by equation (9) it 
can be shown from elementary considerations of phasing that the electron 
will not accelerate constantly. Taking into account, therefore, acceleration 
by both cyclotron and betatron effects, constant acceleration occurs for : 

dB < 4Veu .... (10) 

For a rate of increase of field slower than that given by equation (10), the 
acceleration corresponds more closely to the synchrotron principle, considered 
by Veksler and MacMillan. The electron will then accelerate constantly but 
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will lag behind the accelerating field. If the field increases so slowly that the 
betatron effect is small compared with the cyclotron effect, according to 
Veksler, stable electron acceleration is obtained for : 


dB 

dt 


2 Vet; 


Bn 


(II) 


In the synchrotron type of acceleration, the electron will exist in a state of 
equilibrium energy E 0 , where : 


E 


0 


c 

2ttv 


■ B 


(12) 


This energy state corresponds to the condition in which the electron is go 0 
in phase behind the accelerating field, and stable energy oscillations will 
occur about this energy. The orbital radius of curvature r of an electron moving 
with a velocity v corresponding to an equilibrium energy is : 


\/E 2 0 -m 0 c 2 

B 


( 13 ) 


In Table I are shown the variations of magnetic fields and orbital radii 
of electron accelerators using different frequencies for the accelerating field. 
The static fields B 0 are calculated from equation (4) and the maximum orbital 
radii from equation (8). The values of the final magnetic field required to accel¬ 
erate electrons to ro and 100 million volts have been calculated from the follow¬ 
ing expression derived from (3) and (5) - 


B = B 0 


E + m„c 2 \ 
m 0 c 2 / 


( 14 ) 


These values of r and B tend, for m 0 c 2 <E, to those obtainable for synchrotron 
operation. 


Table I— Variation of Accelerator Constants 


Frequency (megacycles / sec.) 3,000 
Static field, B 0 (gauss) . . 1,060 

Max. field, B, at 10 MeV. .. 22,500 

Max. field, B, at 100 MeV 213,000 
Max. radius, (cm) . . 1 -6 


1,200 

3 °° 

30 

12 

4 2 5 

106 

10 

4 

8,900 

2,250 

225 

90 

85,300 

21,300 

2,130 

850 

4 

16 

160 

400 


It is clear from the table that the fields are smaller and the orbital sizes 
are larger the lower are the accelerating frequencies. For very high energies 
it is likely that the use of large orbits and fields of relatively small magnitudes 
would prove most favourable, but for the present experimental test it was 
convenient to use a frequency of 1,200 megacycles/sec. for which the orbital 
size was of readily manageable proportions. 


General Description of Accelerator 

The cyclotron method of accelerating atomic particles requires essentially 
two electrodes or ‘ dees \ These are the halves of a split shallow cylindrka 
box and are situated in a magnetic field, the direction of which is along the axis 
of the cylinder. The accelerating electric field occurs across the gap between 
the dees and is created by a source of high frequency electrical oscillations 
connected to the dees. The electrons describe helical orbits in the central plane 
of the dees. The problem of generating the high frequency oscillations and 01 
feeding the dees is discussed in the next section on the magnetron oscillator. 

The static magnetic field B 0 required to resonate the electrons with the 
accelerating field when the electron energies are low, was developed from a 
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Fig. i. Construction of the 'Dees’ 

Fig. 2. General Experimental Arrangement 
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pair of Helmholtz air-cored coils. Further details of the field are given in a 
later section. 

In an attempt to test the synchrotron principle, a growing magnetic field, 
referred to as the dynamic held, was superimposed on the static held at the 
instant of start of the accelerating held pulse. This dynamic held was produced 
by discharging a condenser through another pair of Helmholtz coils of low 
inductance and low loss. Further details of this held are also given later. 



The accelerator itself is best described by a brief reference to Fig. 1. A 
probe P of a concentric line L is matched into a waveguide W by moving the 
plunger G. The line L, which has two shorted quarter-wave stubs M, M, to 
support the centre conductor, takes the high-frequency power to the dees T ) 1 
and D 2 . At 0 the concentric line changes to a pair of parallel Lecher wires 
which fan out to the width of the dees at their ends. This is shown clearly in 
Plate VIII, Fig. 1. The dees are approximately 5 cm. in diameter and 2 cm. 
in depth, and are constructed from wire hoops. The aim of this construction 
is to form a continuous shield of the electron orbits for the high frequency 
electric field and yet allow the penetration of the increasing dynamic magnetic 
field. The edges of the dees are separated at the r gap ’ by approximately 
6 mm. A filament stem F is situated along the axis of the generator and a 
single hair-pin tungsten filament lies in the orbital plane 0 . The filament is 
partly enclosed in an earthed split-cylinder so that the electrons are emitted 
only into one dee. A target T is situated in the orbital plane towards the outer 
edge of one of the dees. The whole dee-structure is enclosed in a glass envelope E 
which is evacuated by a two-stage oil diffusion pump to a pressure of the order 
of 10- 5 mm. Hg. The dees are mounted in the mid-plane of the Helmholtz 
coil system formed by the static field coils SS and the dynamic field coils RR. 

A photograph of the general experimental arrangement is shown in Plate 
VIII, Fig. 2. 

Magnetron Oscillator 

The 25 cm. magnetron was developed in 1944 at the CSIR Valve Labora¬ 
tory, Melbourne University, for use in connection with L-band radar. As no 
account of this development has been published and as the magnetron forms 
the basis of the present accelerator a brief description of it will be given. 

The magnetron is of the strapped vane-type containing 12 cavities. Its 
constructional features may be seen from Fig. 2. Operated at a field of 1100 
gauss and a pulsed potential of -27 kV on the cathode, the magnetron is capable 
of delivering 500-600 kW peak power with an efficiency of 60%. 

A set of normal operating characteristics is shown in Fig 3. 

The design of the magnetron was at the time determined mainly by con¬ 
siderations of materials available. Thus the external copper cylinder for the 
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FIGURE 2 . 25 CM. MAGNETRON.. 




body of the tube was the only appropriate material available in 1944. The selec¬ 
tion of a vane-type was similarly determined by materials and workshop 
facilities. The assembly of the vanes to the body introduced a novel technique 
which might be mentioned briefly. The twelve vanes were assembled in a 
jig and turned in a lathe so as to fit the inner diameter of the body. Both the 
vanes and body were separately silver plated and then again tightly fitted 
together. Brazing flux was applied to the silver plating and the whole heated 
until the silver flowed so as to weld the vanes to the body. 

The circuit diagram of the magnetron modulator used in the accelerator 
experiments is shown in Fig. 4. It consists primarily of a half-wave rectifier \\ 
and filter circuit supplying a steady potential of iqkv. This potential is doubled 
by a resonant charging choke and hold-back diode V 2 , and is then used to charge 
the two condensers C in parallel. These condensers are discharged in series by 
the rotary spark gaps G x and G a through a shaping-line and the magnetron load. 
The resulting square-topped pulse on the magnetron cathode is of 1 micro¬ 
second duration and of peak potential -27kV. The repetition frequency is 100 
pulses per second. In order to synchronise the growth of the dynamic field 
with the start of the magnetron oscillation the field current to the coils is also 
operated by the magnetron modulator. Thus the modulator potential supply 
is used to charge the condenser K and the spark then shorts the condenser 
through the coils RR. 
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An Experimental Electron Accelerator 


FIGURE 3. MAGNETRON CHARACTERISTICS 



FIGURE 4. MODULATOR CIRCUIT,, 


0 - 0108 ut 35 KV . 



A problem in feeding the dees arises from the fact that the required radius 
of the dees is of the same order of magnitude as a quarter-wavelength of the 
oscillations. It appears therefore as though the dees might form a pair of 
centre-fed dipoles with the ends 90° out of phase with the centres. Such a 
phase variation would, of course, affect the acceleration of the electrons in 
their orbits. The whole problem is rendered theoretically difficult by the 
complicated structure of the dees themselves and probably experimental 
measurements of the voltage distributions along the dees would be the simplest 
approach to a satisfactory solution. In the absence of any precise information 
on this point, resort was had to spreading the Lecher wire feeding system 
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into a parallel pair of fans. This probably will keep at least one edge of the 
dees in the same phase. 

There was also the problem of measuring the dee voltages in the present 
accelerator. One of the best methods would have been to insert probes along 
the feeder line but these could not be easily provided for in the vacuum system. 
A qualitative estimate of the order 1000 V was made by noting the length of 
glow excited in a neon glow tube. An estimate of the order of magnitude can 
also be obtained theoretically in the following manner. 

The magnetron in the accelerator experiments was operated at peak powers 
of ioo to 200 kW. In the waveguide, of section 7-5 cm. by 19 cm., the electric 
field vector E (volt/metre), given by the expression; 


4? • 377 

ab cos 9 


has the value 17 kV/cm. (watt) is the total power transmitted as a TE 0Jl 


wave, a = 7-5 cm, b = 19 cm, and cos 9 




^ \2\ \ In adjusting the 


wv 


dees to have a maximum voltage, a standing wave is set up in the guide so 
that a voltage antinode is located at the probe leading to the dees. Although it 
is not known to what extent the probe distorts the waveguide field it may be 
expected that a 5 cm. length probe would certainly pick up a greater potential 
than the standing wave voltage per cm. The probe voltage is transmitted 
along the feeder system to the dees which correspond approximately to a 
capacity termination. If the feeder system has a characteristic impedance of 
100 ohm and the termination a capacity of 2 p,/xF, the calculated dee voltage 
is 1-15 times the probe voltage. Thus it can certainly be said that the dee 
voltage is greater than about 2000 to 3000 V. 


Magnetic Field Coils 

In the design of cyclotrons it has been found that the magnetic field should 
decrease slightly towards the outer edge so that magnetic focussing forces on 
the ions may be brought into being. These forces confine the ions to move in 
a stable central orbital plane and are of importance mainly at the outer orbits. 
If the difficulty of relativity mass increase of the ions is to be overcome by an 
increase of magnetic field for an increase of ion energies then it cannot be 
overcome by a static magnetic field which at the same time is focussing. In 
the synchrotron design, however, the magnetic field may be increased in step 
with the accelerated ions and the field may then always satisfy the form 
required for focussing. 

The form of the magnetic field was arbitrarily selected in the present 
accelerator to be that of a Helmholtz coil system. For this system of coils the 
form of field is readily calculable. The field F gauss at a point P in the median 
plane distant y from the axis is given by : 


F = 


32 -- Nr r (I 

5°V5- a l 
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where N is the number of turns per coil and I is the energizing current in amperes. 

For the coil data shown in Figure 5, the calculated field as a function of y 
is as shown. The field at the maximum orbit of the present generator is 1J/0 
less than the central field. 
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FIGURE 5. STATIC FIELD COIL DATA. 



Another point of interest in connection with the static field coils arises 
since the dynamic magnetic field links with the static field coil. It is thereby 
essential to prevent the power in the dynamic circuit from being transformed 
into power in the static circuit. This was most easily accomplished in this 
case by direct shielding of the static coils. The whole static circuit was thor¬ 
oughly shielded with sheet copper and further precautions of filtering were 
taken to prevent any high potentials entering the D.C. generator which supplied 
the static field current. 

The dynamic coils are required to produce the maximum dynamic field 
within the time of the accelerating field pulse (i^sec). One method of producing 
such a field is to short a charged condenser through a high-Q coil. The current 
i in the coil at an instant t after the initiation of the discharge is given by : 



P~bt 

- zT_ • sin -y/k 2 - b 2 • t 

Vk 2 - b 2 


where V 0 is the initial potential of the condenser, L and b are the inductance 


and resistance of the coil and leads, and k 2 = ~ where c is the capacity of the 

condenser. When b<^i, as in the present case ; 

. . V n sin kt 

1 = u • -- 

* L k 

where the factor k is determined by the duration r of the accelerating field 
pulse ; or; 


WL C = r i.e. k = 71 

4 * 2 T 

The maximum current i is therefore proportional to V 0 /L, and, for a particular 
voltage V 0 , large currents are obtained for small inductance coils. Now the 
magnetic field is proportional to ni, where n is the number of turns per coil, 
and as L is proportional to n 2 , the largest dynamic fields will be obtained for 
the coil of the smallest number of turns. 

The starting point in the design was the magnitude of the largest condenser 
capacity that could be tolerated. The power available from the modulator 
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imposed a limit on the capacity of the condenser to approximately o-oi micro¬ 
farad. Thus for r = 1 nsec, the magnitude of the inductance required was 
10 microhenry. 

Empirical calculations were made for a large number of coils of various 
geometrical and winding constants, also taking into account copper losses 
and proximity effects due to shielding. Owing to the relative certainty with 
which these calculations can be made for single layer coils, the final coils chosen 
were of single layer. Details of the present dynamic coils are : number of 
turns per coil = 4, diameter 5i", conductors, copper tubing, separation 
between turns = separation between centres of coils = 2f". 

The field has been studied by means of a search coil and cathode ray oscill¬ 
ograph and for V 0 = 20 kV the measured peak induction was 270 gauss and 
the frequency of oscillation = 430 kilocycle/sec. 

The rate of increase of the field B is approximately i/4oth that described 
by equation (10). The operation of the accelerator, therefore, corresponds to 
the synchrotron case and the energy added by the magnetic induction effect 
amounts to only 150 volts per turn. 

Performance 

The acceleration of electrons has been proved by using a geiger-counter to 
detect the X-rays produced by the electrons impinging on the target. That 
the electrons follow orbits consistent with magnetic resonance acceleration is 
proved by the existence of a resonance yield of X-rays at the value calculated 
from relation (2). The form of the resonance yield is shown in Figure 6. 


FIGURE 6 RESONANCE YIELD 
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The quality of the X-rays has been investigated by absorption measure¬ 
ments in lead, iron and aluminium sheets. Typical absorption curves in lead 
are shown in Figures 7 and 8. The mean absorption co-efficients are consistent 
with a radiation energy of approximately 60 kV. 

The yield of X-rays has been compared with the unfiltered radiation from 
a 1*4 milli-curie radium source and found to have a value o-i milli-curie. 
Since the radiation is being emitted only for a maximum period of 1 psec. 
every o*oi sec, the continuous yield of o-i milli-curie is equivalent to a peak 
yield during the acceleration time of 1 curie. 

The nature of the radiation spectrum to be expected from an accelerator 
of the present kind has not been theoretically studied. Such an analysis will 
involve firstly the difficult space charge problems of the nature of the bunch of 
electrons in a single half-cycle acceleration, and secondly considerations of the 
















An Experimental Electron Accelerator 


9 1 




width of the half-cycle bunches which can be accelerated with stable phase. 
Without this analysis all that can be derived from the equations given in the 
theoretical section of this paper are estimates of the electron energy maxima. 
Whether these maxima again will be apparent experimentally depends on 
their intensity and the sensitivity of the experimental detection. 

For a constant field of 425 gauss, according to equations (1) and (5) the 
electrons may theoretically attain an energy of approximately 200 kV before 
they develop a radius of curvature equal to 4 cm. when they will strike the 
target. The energy they would attain before lagging qo° behind the accelerating 
field can be calculated from equation (12) and is approximately 500 kV. Ihe 
difference between the theoretical maximum of 200 kV and the observed mean 
X-ray energy of 60 kV may be due to two sources : firstly to the fact that the 
radiation originates from a thick target and secondly, to the likelihood that 
there is an actual spread of energies of the electrons. A possible explanation of 
this spread is that the electrons suffer scattering processes in their paths and 
either give rise to X-rays in these processes or change their orbits so as to strike 
the target with lower energies. Possibly, also, on account of a divergent beam 
of electrons from the source, ‘ off central ’ orbits might arise in which the 
electrons strike the target at comparatively lower energies. A similar disparity 
between the maximum attainable electron energy and the observed electro-* 
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magnetic radiation spectrum has been observed in the betatron. In the Mel¬ 
bourne laboratory, a mean radiation energy of only approximately one million 
electron volts is obtained from a betatron capable of developing maximum 
energy electrons of 2*8 MeV. B 

When the dynamic field operates, the electrons which are emitted during 
the initial accelerations should be carried along with the increasing field to an 
energy corresponding to the maximum field of approximately 700 gauss. This 
energy can be calculated from equation (12) and is approximately 900 k\. 
However, before the electrons reach this energy they will strike the target for 
a maximum energy of 500 kV. Only a certain width of bunches at the start 
of the accelerating pulse will be carried along with the field in this way. Those 
electron bunches which are emitted later will describe orbits in a held which is 
greater than the resonance field B 0 and will not, therefore, constantly accelerate 
In spite of this fact, the X-ray yield with synchrotron operation was increased, 
as is shown by the curves of Figures 7 and 8. At the same time, too, the experi¬ 
mental absorption curves show only slight increase in X-ray hardness. The 
explanation of these effects probably lies in the fact that the radiation that is 
being detected comes from a thick target and from a wide distribution of 
electron energies. In such circumstances, the shift of the low intensity upper 
limit will be difficult to identify from its influence on the mean absorption 
coefficient of the X-rays, and an increase in total radiation intensity diie to the 
degeneration of high energy electrons and radiation may be more evident. 

The model has demonstrated the possibility of accelerating electrons using 
the cyclotron principle. There is good evidence that it has also functioned as 
a synchrotron device and there are excellent prospects that an extension of 
the method would produce electrons of energies of the order 100 million volts 
with comparatively straightforward techniques. 
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THE GEOLOGY OF THE NOWA NOWA—SOUTH BUCHAN AREA, 

VICTORIA 

by G. W. Cochrane, M.Sc. and H. R. Samson, M.Sc. 


[Read io July 1947] 

Abstract 

An area of Palaeozoic rocks in East Gippsland between Nowa Nowa and South Buchan 
has been examined. The distribution of porphyroids, developed by shearing movements 
at the junction of Lower Devonian lavas and tuffs and the Upper Ordovician basement 
rocks, has been mapped in detail. There are also indications of faulting of lavas up against 
the basal sedimentary series. Tuffaceous sandstones including fossiliferous types occur 
interbedded with the volcanic rocks. The features of a small granitoid complex are described 
and the general relationships of the igneous rocks are discussed. 
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Introduction 

The object of this research has been the geological mapping and petrological 
study of an area of Palaeozoic rocks lying between the townships of Nowa 
Nowa and Buchan, with special reference to the Lower Devonian lavas and 
porphyroids, the latter term being used to describe schistose lavas and tuffs. 
The area covers the parishes of Nowa Nowa, Nowa Nowa South, and portions | 
of Buchan and Tyldesley West. A considerable part of the southern parishes 
is covered by Cainozoic deposits, described by E. O. Teale (1920) as ' fluviatile 
sands, clays and gravels overlying Lower Cainozoic marine beds in the south/ 
No attempt was made to study this series in greater detail. A geological 
sketch-map has been prepared based on the boundaries shown by Teale and 
embodying certain alterations and additions by the authors. Where geological 
boundaries on the map have been traced, they are marked with full lines ; 
broken lines indicate inferred boundaries. Two key areas were mapped in 
detail, namely, the area bounded by Boggy Creek, the Bruthen and Buchan 
Roads, and a smaller area between the southern extremity of the limestones 
and Mt. Tara. In other areas, examination has been limited to reconnaissance, 
combined with running some detailed traverses to establish the succession. 
The belt of Lower Devonian extending south from Mt. Tara has been treated 
in this way. This strip will be referred to as the Hospital Creek area. 

The porphyroids of Lower Boggy Creek and ironstone Creek, Nowa Nowa, 
constitute a distinct structural unit which has been named the Boggy Creek 
Group, and will be mentioned later in the discussion on porphyroids and the 
structure of the area. 

To assist in the description of certain areas, it has been also necessary to 
name certain creeks ; viz., Junction, Grap and Tomato Creeks in the south, 
and Granite, Crohn and Falls Creeks in the north. 

Topography 

The forest-covered slopes and foothills of the Tara Range dominate the 
topography. The Tertiary areas are lower-lying and more lightly timbered, j 
the only cleared country being that on the limestones in the North. Timber 
tracks provide access to some of the ranges, but in many parts only the creeks : 
afford reliable outcrops for detailed study. 

Mt. Tara (1930 ft.) in the north, and Mt. Nowa Nowa (1100 ft.) in the I 
south, are the most important peaks in the range, which trends NNE-SSW. 
The direction of drainage as determined by this water-shed is west to Boggy 
Creek and Yellow Water Holes Creek, east to Hospital Creek, and north to 
the Buchan River. In the south, Lake Tyers winds through the coastal plain 
from Nowa Nowa to the sea. At the township itself, it receives the waters of 
Boggy Creek, which has cut a deep gorge in the rocks of the volcanic senes, ( 
providing good exposures. * 

Previous Work 

The extensive volcanic series of which Nowa Nowa marks the southern¬ 
most extension was first described by A. W. Howitt (1876). He regarded the 
series as Lower Devonian, underlying the Middle Devonian limestone at 
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Buchan and unconformably overlying (?) Silurian limestones and slates at 

Limestone River. He recognized two broad classes of rocks in the series_ 

one consisting of great accumulations of felstones, lavas and ashes, the other 
of massive porphyritic rocks. The latter were considered to be the’stumps of 
extinct volcanoes, these old volcanic sites being represented now by Mt. Nowa 
Nowa, Mt. Tara and the higher peaks to the north. He noted the contact be¬ 
tween the Snowy River Porphyries and Lower Palaeozoic in Lower Boggy Creek 
and described the ‘ felsite ’ in the creek and porphyritic rocks from Tara Range. 

E. J. Dunn (1907A) recognized cherts and diabases in Boggy Creek and 
cherts and jaspers in the Tara Range. These he interpreted as Cambrian 
(Heathcotian) in age. The first graptolites from this area were collected in 
1908 by 0 . A. L. Whitelaw (1920), about six miles north of Nowa Nowa on the 
Buchan Road. These were described by T. S. Hall (1912) who fixed the 
age of the sedimentary rocks as Upper Ordovician. Graptolites were also 
found by W. H. Ferguson (1920) at several localities in the Tara Range. 
Ferguson also recorded plant remains in the ‘porphyry-tuff' series at 
South Buchan and Mt. Murrenclal, North Buchan, which he considered to 
be Lower Devonian in age. 

The first detailed work carried out in the Nowa Nowa district was by 
E. 0 . Teale, who mapped the area between Nowa Nowa and South Buchan. 

1 he most important contributions he made may be summarized as follows :— 

1. He showed the supposed Heathcotian charts to consist of chertilied Ordovician 
slates, and the jaspers to be ' metasomatically altered igneous rocks/ Three 
additional graptolite localities were also discovered. 

2. He recognized among the igneous rocks the following types, viz., 

Porphyroids. 

Stratified ash beds. 

Track y tic and andesitic rocks. 

Acid porphyritic and p3^roclastic rocks. 

Kcratophyres. 

Granitic rocks. 

His petrological work included analyses of two quartz-porphyrites and 
keratophyre ; using these he tentatively grouped the suite of rocks together 
with certain granites of Eastern Victoria into an acid-alkali province. Teale’s 
woik did not include the tracing of the individual rock types in the field, nor 
was any attempt made to explain the distribution and structural relationships 
of Devonian lavas and tuffs, and Ordovician sediments. 

In a report on iron ore at Nowa Nowa, Whitelaw (1920) gave a sketch of 
s h° w i n g a narrow belt marked Ordovician about half a mile north 
ol Mt. Nowa Nowa, and running NW-SE. This had not been recorded on 
eale s map. Whitelaw also indicated the presence of mollusca at his graptolite 
ocality on the Buchan Road, but did not state the forms occurring there. 

Correlation of Rock Types 

,, The area contains extensive outcrops of Palaeozoic sedimentary rocks. 

* . an y °* Hiese are of proved Upper Ordovician age, as indicated by the presence 
° f r f^t°^" eS ' Sandstones and cherts, however, occur interbedded with lavas 
x! 1 r tu ^ s the Snowy River Series, and along Junction Creek, east of Mt. 

A . °^ a there is an alternation of sandstones, shales, rhyodacites and tuffs 
v Abdicates contemporaneous deposition. 

vhere conclusive evidence regarding age is lacking, owing to the absence 
ossils or of any distinctive lithology, stratigraphical correlation is uncertain. 
n man y instances, rocks containing quartz veinlets have been tentatively 
correlated with the Upper Ordovician 
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Geology of the Now a Now a—South Buchan Area 

General Geology 

Upper Ordovician 

There are two main exposures of Upper Ordovician sediments in the area. 
One extends from about half a mile east of Hospital Creek into the County of 
Croajingalong ; the other extends as a belt from west of Mt. Tara, nine miles 
south towards Nowa Nowa, averaging about a mile in width and following the 
major trend-line of the area. Minor occurrences are found as small inkers at 
four localities, viz. Lower Boggy Creek at the township of Nowa Nowa, Iron¬ 
stone Creek, Grap Creek west of the Buchan road, and half a mile to the north 
near the road. Teale has also recorded an outcrop in Boggy Creek west of 
Mt. Nowa Nowa. 

The lithology is varied. In the Tara Range, the rocks consist chiefly of 
micaceous sandstones, shales and cherts ; cherty breccias and sheared sand¬ 
stones also occur, and just east of the Buchan road are dark blue mudstones 
containing poorly-preserved graptolites. At the extreme North of the Tara 
Range belt Teale obtained graptolites in light-coloured cherty rocks, thus 
disproving the existence of the supposed Heathcotian in this area, as suggested 
by Dunn (1907). It is of interest, however, to note the rock types in the Nowa 
Nowa-Mt. Tara area which are suggestive of a Heathcotian lithology. The 
assemblage consists of diabase, red jaspers, cherts, and soda-rich igneous types. 

In Grap Creek, fossiliferous black slates predominate, and in Boggy and 
Ironstone Creeks, where the rocks have been subjected to compression and 
recrystallization, contorted quartzites, chloritic shales and slates are repre¬ 
sented. Near the contacts with granitic rocks in the Tara Range and Bete 
Belong there is a local development of hornfels and quartzite. 

Teale's examination of the Mt. Tara goldfield revealed the existence of 
numerous faults all striking roughly Nio°E. He refers to the strata as being 
‘ very much disturbed, altered and sheared'. This view is supported by abnor¬ 
mal local variation in strikes and dips, the occurrence of cleaved and shattered 
cherts, and brecciation. 

Throughout the area the Ordovician rocks are intersected by quartz reefs 
and veinlets, which in the shatter zones occupy shearing planes, tension gashes 
and joints. In the old goldfields, auriferous reefs are associated with faults. 

Graptolites have been found in black slates, cherts and shales, the various 
iossiliferous localities being shown on the general map. Hall (1912) also recorded 
brachiopods in two specimens collected by Whitelaw, six miles north of Nowa 
Nowa. An additional graptolite locality was found by the authors in Grap 
Creek. The graptolites occur there as whitish impressions in an indurated 
black shale. Owing to compression, it is difficult to make out the form of the 
thecae with any certainty, but Dr. D. E. Thomas has kindly identified the 
following forms : 

Climacograptns caudatus Lapw. 

Climacogr aptus brevis E. and W. 

Climacograptns bicornis Hall. 

Diplograptiis (Orthog.) cf. tvuncatus var. paupevatus Lapw. 

Diplagraptus {Orthog,) cf. tvuncatus var. intevmedius E. and W. 

Diplograptus spp, 

Dicranograptus clingani Carr 

Dicellogvaptus pumilus Lapw. 

Dicellogvaptus cf. fovchammevi var. flexuosus Lapw. 

states that the association is typical of the zone of Dicr anograptus 
clingani of the Eastonian subdivision of the Upper Ordovician, 
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Lower Devonian 

The Lower Devonian cycle of igneous activity resulted in the eruption of 
acid to intermediate lavas and associated pyroclastics over the Upper Ordo¬ 
vician land surface, followed closely by minor granitic intrusions. Preceding 
the initial extrusions and during breaks in vulcanicity, there developed local 
basins of deposition in which sediments were laid down. The resulting sand¬ 
stones and shales are in places tuffaceous in nature. No definite indication 
of the age of this series has yet been discovered. From a thin sandstone bed 
on Mt. Tara, which is interbedded with massive rhyodacites and ash-beds, 
the authors have collected marine fossils including Spirifer. When identified, 
these may provide the information necessary to fix the age. At Spring Creek, 
Buchan, Middle Devonian limestones follow conformably on the ash-beds 
which mark the top of the igneous series, indicating there was no great time 
interval separating the final pyroclastic stages and the onset of Middle Devonian 
marine sedimentation. 

The Lower Devonian igneous rocks have previously been referred to, notably 
by Howitt and Teale, as the f Snowy River Porphyries.’ The name is mis¬ 
leading in that it implies a hypabyssal origin for the rocks of the series, and 
it would be better to adopt the more non-committal term, ‘ Snowy River 
Series,’ as proposed by A. J. Gaskin (1943)- According to Howitt the scries 
extends north from Nowa Nowa into New South Wales. Generally it is from 
2000 ft. to 2500 ft. in thickness, and attains a maximum at peaks such as Mt. 
Cobberas (6,025 ft.) and Black Mountain. Howitt, the only worker who has 
conducted an extensive survey of the series in Victoria, concluded that the 
lower part consisted mainly of massive acid lava flows which became more 
fragmental on ascending and merged into ashes, agglomerates and f els tones. 
In the Buchan-Nowa Nowa area, though the general sequence of massive lavas 
followed by a pyroclastic phase is found, individual flows, when traced in the 
field, are in many cases of limited extent, and in places the various volcanic 
rock types alternate in rapid succession. This is well illustrated in the Hospital 
Creek area, where several traverses made across the belt of Lower Devonian 
revealed a different sequence in each case, as can be seen from the general map. 
A wider range of volcanic rocks than that described by Howitt has been ob¬ 
served, but the conglomerates which he found marking the passage into the 
Middle Devonian limestones are not represented in the area. 

Volcanic Rocks 

Rhyodacite Suite. Acid volcanic rocks are the most prevalent types belong¬ 
ing to the Devonian igneous series. They are widespread in the 1 ara Range 
and extend almost to Mt, Nowa Nowa. The rocks are extremely variable m 
colour but due to extensive silicification, they have generally resisted weathering 
better than most other rocks. They are typically massive, vesicles and flow 
structure being uncommon. Columnar jointing was noted at one locality 
Harris Creek. By means of these features a number of strikes and dips wen' 
determined, but in general such indications are very difficult to obtain, and an 
probably not entirely reliable. 

Macroscopically the rocks show phenocrysts of quartz, felspars and some¬ 
times ferromagnesian minerals in a fine grained groundmass. In thin section 
large phenocrysts of quartz are almost always seen, commonly rounded ain 
embayed. Both monoclinic and triclinic felspars occur as phenocrysts, the 
latter generally being more abundant. The plagioclase ranges from oligoclase 
to sodic andesine. Teale (1920) suggested that anorthoclase may be present in 
addition but none has been observed in our slides. Chlorite and bleached mica 
also occur and, rarely, remnants of amphibole. The groundmass is normall} 
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micro-crystalline, often a devitrified glass and often contains small inclusions 
of sedimentary and extrusive rocks. 

These rocks were examined by Howitt (1876) who considered the volcanic 
rocks were extruded from vents occurring along meridional fissures. He named 
them quartz porphyries and regarded them as having solidified in old fissures 
and vents and therefore to be in part hypabyssal. Teale has pointed out, from 
his own investigations and a re-examination of Howitt's sections, that plagio- 
clase is the dominant felspar and the rocks should therefore be named quartz 
porphyrites. The authors' findings are generally in agreement with those of 
Teale, namely, that plagioclase is normally in excess of orthoclase, though 
rarely the reverse is true. Moreover in several rocks quartz is subordinate, 
these representing gradational types to the andesites. 

It is desirable to give these rocks a more exact name than quartz porphyrite ; 
one which will indicate their volcanic origin and mineral composition. Gaskin 
(1943) w r hen describing similar rocks from Bindi, has pointed out that they 
are of the rhyodacite type, corresponding to dellcnite as described by Brogger. 
The chemical composition of two specimens of quart# porpl^rrites analysed by 
Teale are close to that of the average of sodaclase-granodiorite, given by 
Johannsen (1932). However Johannsen gives no example of the volcanic 
equivalent, which he names sodaclase rhyodacite. Moreover sodaclase is a 
name given by him (1931) to the end member of the plagioclase series at the 
sodic end—it is intended to replace the term albite, which he reserves 
for the mineral, Na 2 0 .Al 2 0 3 . 6 Si 0 2 . The term sodaclase is not, however, 
generally accepted, and since the plagioclase is oligoclase to sodic andesine 
in composition, the most suitable name for the volcanic rock is ‘ oligoclase 
rhyodacite.' 

D5 is the typical rhyodacite of the Tara Range. Macroscopically it is dark 
red, medium grained, porphyritic, silicified rock, containing phenocrysts of 
quartz and orange felspar, and aggregations of green.minerals. I11 thin section 
(63x6), there are slightly more felspar phenocrysts than quartz. Quartz is 
present as large crystals, which are usually embayed and corroded. The plagio¬ 
clase felspars arc mostly oligoclase, orthoclase being comparatively rare. Both 
lelspars have been extensively altered to sericite. 

Pleochroic dark to light green biotite flakes are present but mainly the 
early biotite has broken down into chlorite, muscovite and sphene. The sphene 
occurs as small euhedral crystals within pseudomorphans aggregates of the 
other two minerals after biotite. Zircon, hematite, ilmenite, limonite and 
anatase (?) constitute the accessory minerals. The groundmass is devitrified 
and in part shows flow structure and contains an inclusion of red material. 
Rocks of this type frequently appear to be almost lacking in orthoclase pheno¬ 
crysts ; in such cases most of the potash indicated by chemical analyses is 
probably contained partly in the groundmass, and partly in the plagioclase 
crystals. 

D 15 from a nearby locality is similar but microscopically (6312) it shows 
a development of calcite as an alteration of felspars. It also contains an in¬ 
clusion of red material which contains small euhedral lath-shaped orthoclase 
crystals, 

Q 19 from Falls Creek closely resembles a hornblende dacite. In thin section 
(6417), the plagioclase is sodic andesine and there are several six-sided horn¬ 
blende crystals which have largely altered to chlorite. Some of the quartz 
crystals are surrounded by a corona of a very fine intergrowth of quartz and 
felspar crystals. This is probably due to late-stage attack by the residual 
magmatic liquors on the quartz, involving solution of quartz and deposition 
of felspar. 
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In AL 2 (6459), from about 3 miles north of Mt. Nowa Nowa, the same fea¬ 
ture is seen on a larger scale. Plagioclase occurs veining the borders of quartz 
phenocrysts. The refractive index of this felspar is lower than that in previous 
sections and so the mineral is probably albite, formed by the attack of water and 
Na 2 0 rich solutions at a late stage. 

In 7H (6471;), which outcrops for a short distance along the Forestry Road 
east of the Tara Range, oligoclase is the dominant felspar and in excess of 
quartz, so this rock is probably a normal dacite. One large oligoclase crystal 
in the section is different from the others. It shows tine twinning with an 
antiperthitic development of orthoclase and quartz occurring as a regular 
pattern of small veins. This is probably an exsolution feature due to excess 
silica and potash in the original crystal at high temperature being thrown out 
during cooling. K 

A specimen from an adjacent band shows in thin section (6469) small 
fragments of oligoclase and quartz in a very tine grained glassy groundmass. 
Evidently soon after phenocrysts of these minerals developed, stresses occurred 
which shattered the early formed minerals and the sudden cooling chilled the 
groundmass. E. S. Hills (1929) noted the same feature in a rhyolite at Taggerty 
and suggested it may have been caused by the lava being suddenly chilled 
under water. 

A feature of some of the rhyodacites is the development of secondary 
amphibole at the expense of earlier ferromagnesian minerals. More rarely 
epidote has been produced by deuteric alteration of primary amphibole. This 
is well shown in U 9 (6452), where granular aggregates of epidote have com¬ 
pletely replaced the original mineral, although perfect outlines of primary 
pyroxenes and amphiboles are still preserved. 

Porphyroids. According to Teall (1888), the term porphyroid was origin¬ 
ally applied on the Continent to felsites of all kinds which have become more 01 
less schistose in consequence of dynamic metamorphism and in which secondary 
micaceous minerals, especially sericite, have been developed. The term had 
apparently been used for such rocks by de la Vallee Poussin and Renard (1884) 
in the Ardennes and by H. Loretz (1882) in the Thuringerwald. Teall found 
similar rocks in North Wales, where basic igneous rocks locally became schistose 
and passed into chloride schists and acid rocks sometimes developed into 
sericitic schists. More recently C. Rice (1941) has defined porphyroid as a 
term applied to porphyroblastic metamorphic rocks intermediate structurally 
between halleflinta and granite-gneiss, in the same way as quartz porphyry 
and granite-porphyry are intermediate between rhyolite and granite. He also 
mentions that the term has been extended to include porphyroblastic schists 
of sedimentary origin. C. Schmidt (1928) simply describes the rock as the 
‘ infolge von Dynamomctamorphose geschieferter Porphyr.’ 1 he author* 
have followed Teall’s usage of the word and extended it to include all extrusive 
and pyroclastic rocks of the Boggy Creek, which show the effects of the intense 
shearing. Rocks of this series show considerable variation in the abundance 
of quartz phenocrysts, and often the sheared rocks are obviously fragment 3 
in origin (Plate IX, Fig. 2). In some cases it is not possible to state the original 
nature of the rock type, whether it be an intercalated acid flow or an ash bed. 

The description of porphyroids from Boggy Creek given by leale {192°) 
represents the only recorded occurrence of these 'rocks in Victoria. Localities 
at which these porphyroids have been recognized are as follows : 

(i) Boggy and Ironstone Creeks, railway cutting west of Boggy Creek. 

(ii) Mt. Nowa Nowa area at the contact with Devonian sedimentary rocks, 
this area gradations to unsheared rhyodacites have been traced. 

(iii) Tomato Creek 
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(iv) Tara Range. 

a. Along the Ordovician contacts. 

b. Gunn's Mine. 

c. Other minor occurrences. 


Specimens from all these localities show a general similarity in thin section. 
In the more quartzose varieties augenstructures are well developed and the 
quartz phenocrysts are typically fractured and corroded. The sericite charac¬ 
teristically occurs as stringers veining and surrounding residual felspars, if 
the latter are not entirely obliterated. Typical examples are afforded by thin 
sections (6331), (6377), (6374), (6335) (Plate XI, Fig. 4). 

Andesitic Suite. Teale (1920) described the following more basic rock types 
from Boggy Creek—altered augite andesite, altered andesite ash and altered 
trachyte (or trachytic andesite), stating that these rocks occur in definite 
bands. Further investigation has revealed andesitic rocks in a number of 
other localities. The largest outcrop in the area is found on the western slopes 
of Mt. Nowa Nowa and extending to the Boggy Creek gorge, where thicknesses 
of over 100 feet are exposed. Other exposures occur along the Bruthen road, 
near Canni Creek and east to the main divide, along the Forestry road on the 
east side of the range, in the north-west corner of the area, at various localities 
in the Grap Creek area, the Hospital Creek area and in the north Tara Range. 
In the latter region the andesitic rocks are in small amount compared with 
the prevalent acid flows. 

The pyroclastic types, which are limited to the area between Mt. Nowa 
Nowa and Boggy Creek and to minor occurrences on the eastern side of Tara 
Range, are described later under the heading ‘ Ash Beds/ Of the effusives, 
the great majority show some free quartz in thin section, generally as small 
phenocrysts which constitute less than one-twentieth of the total leucocratic 
minerals. According to Johannsen (1937), these rocks should therefore be 
classified as quartz andesites. Several specimens, in which no free quartz 
is discernible in thin section, represent true andesites, whilst others, in which 
the amount of quartz approaches that of felspar, are transitional types to 
dacites or rhyodacites. However there is a clear-cut distinction between the 
quartz-andesites, having no visible quartz but fairly abundant ferromagnesian 
minerals, an( i the rhyodacites, with abundant large quartz phenocrysts, which 
is born out by the large differences in the silica percentages shown in the 
chemical analyses of the rocks (see Table 1). The contrast is quite apparent 
in the field and gradational types are comparatively rare. In the Alt. Nowa 
Nowa area, andesites overlie rhyodacites, but along the Bruthen Road, where 
inclusions of andesite in rhyodacite are found, and in the Mt. Tara area, alter¬ 
nation of flows of the two rock type's is indicated. 

I he base of the main andesite mass occurs in the Boggy Creek gorge, about 
two-thirds of a mile above Nowa Nowa township. Separating the Boggy Creek 
porphyroid beds on the east from the interbedded massive and fragmental 
andesites and trachy-andesites on the west is an outcrop about two chains 
wide of a greenish rock, which because of its distinctive appearance is referred 
to as diabase. Going west, a succession can be traced from sheared purplish 
diale through sheared diabase ash of varying grain-size, the coarser types 
showing a marked schistosity, to a more massive diabase which exhibits por- 
phyroid structure in thin section, and finally to the massive green unsheared 
diabase, with strongly developed jointing. Immediately overlying the diabase 
ic succeeding andesites are rather more basic than usual and slightly schistose 
ln appearance ; these are overlain in turn by normal andesites and ash beds. 

It would appear that the thinly-bedded tuffs, etc. of the Boggy Creek series 
and the basal flows and tuffs of the andesite suite have been subjected to the 
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same shearing stresses. The former series was converted to schistose porphyroids, 
but the effect on the more resistant andesites was less marked, the dense massive 
diabase in particular being apparently unaffected. 

The diabase is green in colour, and extremely hard and tough. It is for 
the most part aphanitic, but occasional dark minerals are visible as pheno- 
crysts. In thin section (6361) the rock is seen to consist of idiomorphic augite, 
often altered to almost isotropic clinochlore and iron oxides, andesine and a 
very small amount of quartz. Epidote, carbonates, kaolin and sericitc may 
partly or wholly replace felspar ; epidote also occurs in veins. Accessories 
include leucoxene, associated with titaniferous iron ore, and apatite (Plate XI, 
Fig. 1). The replacing sericite appears as brighly polarizing fibres, or more 
often as plates which approach muscovite in character, and are confined to the 
altered felspars. The mode of occurrence of the sericite differs from that 
produced by regional metamorphism as seen in the porphyroids, which are 
characterized by the presence of roughly parallel stringers of fine sericite 
extending through phenocrysts and groundmass. The replacing sericite 
plates probably resulted from the action of aqueous solutions. Since soda- 
lime felspars predominate, the requisite potash may have been derived from 
potash felspar held in solid solution or more likely, from circulating waters of 
hydrothermal origin. 

Though its distinctive dense tough texture and green colour give this rock 
a similar appearance to the Heathcotian diabase it is actually the basal flow 
of the andesites. It is the most basic igneous rock found in the Snowy River 
Series and is the only type containing unaltered pyroxene. 

Red jaspers are associated with diabase, andesites and andesite ash at a 
number of localities south of Mt. Nowa Nowa. The jaspers are invariably 
accompanied by specular hematite, often manganiferous, colloform quartz 
and small amounts of pyrite. Field evidence suggests that hydrothermal 
solutions, bringing in the hematite and quartz, converted adjacent rocks to 
jaspers, and in the case of the diabase may also have resulted in the develop¬ 
ment of chlorite, calcite and epidote. 

In general, the rocks for about a mile above the diabase of Boggy Creek are 
even-grained and show trachytic structure, whilst further north they become 
more porphyritic, with a finer-grained and sometimes glassy groundmass. 
Both types are characterized by original ferromagnesian minerals having almost 
completely broken down to chlorite and secondary amphiboles, probably due 
to deuteric reactions. 

E 5 is a typical altered quartz andesite from Lower Boggy Creek and has 
been selected for chemical analysis. It is a dark grey, fine grained rock with 
pink felspar phenocrysts. In thin section (6317) it shows phenocrysts of plagio- 
clase, chloritic. aggregates associated with magnetite representing altered feniic 
minerals, and occasionally quartz. The groundmass contains small felspar 
laths, showing trachytic structure. The larger felspars are usually cloudy, 
due to kaolinization, although some show fresh rims. They show twin lamellae 
on which extinction angles range up to io°, indicating oligoclase to sodic ande¬ 
sine. Chloritic pseudomorphs frequently occur with outlines suggestive ol 
pyroxene. Magnetite has usually been thrown out to the edges of the chlorite 
flakes which occasionally contain small crystals of sphene. An example of the 
trachyandesite type (64S6) shows rare porphyritic oligoclase in an even-grained 
matrix of sanidine laths with well-marked flow-structure. 

Specimen F 25, from further up Boggy Creek, is a green rock which is travel 
ed by veinlets consisting of quartz, albite and radiating groups of clinochlore 
needles. The plagioclase phenocrysts in this case are andesine. In the mam 
portion of the slide (6329), pennine is found replacing original femic minerals. 
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but the clinochlore is probably a primary mineral in the late-stage crystallate. 
Clinochlore is seen cutting pennine aggregates and is also scattered in small 
flakes throughout the section. Zircons also occur, some having pleochroic haloes. 

A thin section of a rock from Boggy Creek west of Mt. Nowa Nowa (6455) 
shows green radiating fibres of secondary amphibole which are often associated 
with plagioclase and probably formed by deuteric reactions—the plagioclase 
supplying the lime and iron and magnesium coming from the primary pyroxenes 
or amphiboles. 

The relative proportions of potash and soda-lime felspar vary in rocks 
from different parts of the area. The quartz-felspar ratio also varies. In an 
example from Granite Creek (6442), quartz phenocrysts, extensively corroded 
and fractured, are only slightly less abundant than the felspars. This rock 
approaches a rhyodacite type. 

Rutile, apatite and anatase (?) have also been noted in thin sections of 
andesites. A heavy mineral analysis of quartz andesite from the Tara Range 
gave an index number of o-n and revealed the presence of blue anatase, yellow 
anatase, epidote, apatite, hematite, zoned and yellow zircons and sulphides. 

Ash Beds. There are three main pyroclastic phases in the Snowy River 
Series, represented by the following rock types :— 

1. Stratified ash beds, occurring in Lower Boggy Creek and Ironstone 
Creek. 

2. Andesitic ash and fine chertificd ash interbedded with massive ande¬ 
sites to the south and west of Mt. Nowa Nowa. 

3. Acid tuffs and coarse fragmental beds immediately underlying lime¬ 
stones in the Buchan district. 

Stratified Ash Beds : These rocks constitute the base of the Series at Nowa 
Nowa. They have all been subjected to shearing stresses, and in some cases 
converted to ‘ porphyroids ’. They dip steeply and strike approximately 
Nio°E. 

The rocks are extremely variable in colour and texture, ranging from very 
fine grained dense chertified tuffs and shales to coarse fragmental beds showing 
marked schistosity. One thin silicified ash bed, too silicified to develop schis- 
tosity, exhibits a series of miniature faults (Plate IX, Fig. 1). Except in the 
case of the more silicified rocks, alteration has invariably occurred with the 
formation of chlorite, micaceous material and secondary amphibole. The 
regularity of the stratification in some cases suggests sub-aqueous deposition 
(Plate XI, Fig. 2). The occurrence of ferruginous sandstone further supports 
this view. It is likely, however, that deposition was in the main sub-aerial 
because of the general lack of pronounced sorting in the beds. 

H 15 is a typical specimen of the Boggy Creek beds. It is a purplish grey 
compact rock containing many small light coloured inclusions. The thin section 
( 6343 ) shows some fractured quartz grains, altered felspars, chlorite, iron oxides, 
a chalcedonic fragment and lumps of pyroclastic material, containing small 
trachytic felspars. The felspars appear to be monoclinic and arc contained in 
a devitrified ground mass. (Plate XI, Fig. 3). 

K 3 is a light grey finely laminated tuffaceous shale from Boggy Creek near 
the contact with the andesites. In thin section, the stratification is marked 
hy fine wisps of sericitic mica and subangular quartz grains. Patches of brown 
amorphous material are present together with zircon and rare secondary 
amphibole and scattered grains of iron ore. 

Andesitic and Fine Chertified Ashes : Ash beds interbedded with massive 
andesites outcrop along the Boggy Creek Gorge and extend east to Mt. Nowa 
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Nowa. They weather to soft friable material and a chocolate brown soil, 
Essentially the same minerals as in andesite occur together with fragments of 
other rocks in a glassy matrix. 

F 17 is a typfcal specimen of this series. It is a slightly sheared pink rock 
with pink felspars and aggregates of chlorite minerals. In thin section (6325) 
it shows crystals of pyroxene and amphibole which have altered to secondary , 
amphibole and thrown out hematite along the crystal boundaries. Felspar ( 
phenocrysts are abundant, plagioclase (mostly oligoclase) being in excess of 
orthoclase, both being partly sericitized. Radiating groups of secondary 
amphibole crystals occur associated with plagioclase. Granulated quartz, 
hematite and occasional sphene crystals are also present. The groundmass 
contains chlorite, finely disseminated iron ore and glass. 

J 3 is a reddish green cherty rock from the banks of Boggy Creek, south¬ 
west of Mt. Nowa Nowa. Similar cherts occur dipping under andesite ash beds 
in Boggy Creek about one mile south of the Bruthen Road bridge on Mt. Nowa 
Nowa and several other widely separated localities. In thin section (6353) it is 
seen to consist of mainly small angular quartz grains and occasional hematite 
and plagioclase grains with a number of larger yellowish brown hexagonal 
secondary ferromagnesian minerals. 

Acid Tuffs : In the northern Tara Range and in the ranges west of Buchan, 
thick deposits of fine and coarsely fragmental acid pyroclastic rocks occur at 
the top of the Snowy River Series. As seen in Spring Creek, Buchan, they 
conformably underlie the Middle Devonian limestones. However at one locality 
about five miles SSW of Buchan, an ash-bed containing a limestone inclusion 
was found, indicating volcanic activity must have proceeded spasmodically 
into the Middle Devonian. 

Granite Creek, in the north, provides excellent exposures of bedded pyro- 
clastics, ranging from tuffaceous chocolate shales to coarse-grained acid frag¬ 
mental types. The rocks strike NNE and dip steeply west at angles of from , 
70° to So°. A thickness of about 1600 feet is represented. The overlying 
Middle Devonian limestones dip west at much lower angles, from 40° to 45 0 . 

B 6 and B 7 are fragmental rocks from north-east of the Buchan Marble 
Quany near the boundary of the limestone. They are both heterogeneous 
purple rocks with green streaks and containing inclusions of purple shale and 
other light pink and orange fragments. Both are somewhat sheared and have 
thin films of pyrolusite deposited on fracture surfaces. Under the microscope 
(6304), B 7 is seen to contain a piece of fine grained felspatlnc rock ; pieces of 1 
red opaque material containing small altered felspars, chlorite, a cluster of 
secondary amphibole needles and limonite. 1 

B b (6303) contains mainly fragments of andesite in various stages of 
alteration and pieces of red glassy material. Some andesite fragments consist 
of plagioclase phenocrysts and secondary amphiboles, pseudomorphous after 
augite phenocrysts in a groundmass of glass and plagioclase laths showing flow 
structure. Occasionally there is a development of epidote due to alteration of 
felspar. In some places secondary amphiboles occur in large clusters com¬ 
pletely replacing the original fragment. Pieces of red glassy material containing 
occasional plagioclase phenocrysts probably represent chilled portions of 
earlier extruded magma. 

A 6 is a typical acid ash bed. Macroscopically it has a purple matrix con¬ 
taining phenocrysts of quartz and felspars with wide pink silicified bands. The 
thin section (6301) shows abundant angular quartz crystals with rarer plagio¬ 
clase (oligoclase-andesine) and orthoclase and fragments of fine-grained chal- 
cedonic material, which may represent inclusions of a fine-grained siliceous 
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rock but are more probably formed by secondary silicification. The groundmass 
is red due to an abundance of finely disseminated hematite grains. 

Quartz Keratophyres . In a tributary of Hospital creek, Teale collected a 
medium grained porphyritic rock which on analysis showed a silica percentage 
comparable with that of the normal rhyodacites, but a higher soda-potash 
ratio. This rock was similar mineralogically and chemically to a specimen 
collected by Howitt at Noyang and which Skeats (1909) named quartz kera¬ 
tophyre. It was characterized by phenocrysts of oligoclase, corroded quartz 
and chloritic pseudomorphs in a microcrystalline ground mass of quartz and 
felspar. 

Further occurrences of this rock type have been found in other parts of 
the area. The largest of these extends for over a square mile in an area west 
of the junction between the Buchan and Bruthen Roads. Small outcrops also 
occur along the Forestry Road on the east side of the Tara Range and in Iron¬ 
stone Creek. Partial chemical analyses were carried out on several specimens 
to support their identification. 

Age relations with the other volcanic rocks are not clear. Teale deduced 
that the keratophyres were younger than the earliest sheared members of the 
Snowy River Series, but this interpretation was based on a single outcrop 
which in itself cannot be regarded as conclusive. The keratophyres west of 
the Bruthen Road, which are leached white, show strongly marked flow struc¬ 
ture, striking east-west and dipping at a high angle south. This is in sharp 
contrast to the prevailing strikes in the Nowa Nowa-Buchan area, which are 
generally east of north. Along the Forestry Road the keratophyres are associated 
with quartz-andesites and rhyodacites and strike Nio°E. The Ironstone Creek 
keratophyre is apparently interbedded with the oldest schistose members of 
the volcanic series. The edges of the band in contact with the porphyroids 
are sheared, whereas the middle remains unaltered. This may indicate that 
the keratophyre is of the same age as the porphyroids but was more resistant 
to the shearing stresses, or that it was intruded as a dyke and represents a 
late-stage socla-rich product of the magma, probably of the same age as the 
soda solutions which albitized the granite. This latter view is further supported 
by the occurrence of quartz-albite veinlets in an andesite in Boggy Creek. 

T 15 from the Bruthen Road area is a typical keratophyre containing 6-9% 
Na 2 0 and practically no potash. The hand specimen is a hard white rock with 
occasional white felspar phenocrysts. The thin section (6451) shows pheno¬ 
crysts of plagioclase, spherulitic growths of quartz, and occasional clusters 
of green secondary amphiboles in a finely crystalline ground mass of quartz 
and felspar. The plagioclase is a sodic oligoclase and some of the crystals which 
possess ragged edges have evidently reacted with a ground mass just prior to 
its solidification. T 12 is a white fine-grained laminated rock from a nearby 
locality which displays very marked flow structure and possibly represents 
a chilled phase of the keratophyre. 

G 14 occurs in Ironstone Creek, about five chains below the Buchan Road 
bridge. It is a gi'een porphyritic rock with phenocrysts of quartz and white 
felspar, the latter being in excess. It contains 4 * 55 % ^a 2 0 an< ^ °‘ I 9 % ^2^- 
In thin section (6333) there are phenocrysts of quartz and plagioclase, both 
being attacked by the groundmass. The plagioclase, which has a composition 
of about Ab 94 An fi , shows broad albite twinning and contains numerous inclusions 
of quartz and groundmass. Limonite, secondary amphibole and chlorite are 
frequently found deposited along the frayed edges of quartz and albite pheno¬ 
crysts. The groundmass is fine grained and holocrystalline, and consists mainly 
of quartz and a little felspar, with scattered chloritic remnants of ferromag- 
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nesian minerals and occasional sphene and zircon crystals. The sheared edges 
of the rock show a larger development of amphibole. A vein of quartz and 
albite traverses the section. 

In 7 E (6468), plagioclase phenocrysts are greatly in excess of quartz, 
There are also segregations of smaller plagioclase laths, all the felspars being 
oligoclase. This rock is also probably a quartz keratophyre, although more 
calcic than the others described. 
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I. Quartz Syenite, Granite Creek, Tara Range. 

(Analyst : H. R. Samson) 

II Rhyodacite, 4 mile S. of Mount Tara. 

(Analyst : E. O. Teale 1920) 

III Rhyodacite, 3 miles NNE Mount Tara. 

(Analyst : E. O. Teale 1920) 

IV Quartz Andesite, Boggy Creek, Nowa Nowa 

(Analyst : G. W. Cochrane) 

V Quartz keratophyre. Bill’s Creek, Nowa Nowa 

(Analyst : E. O. Teale 1920) 

Alkali Analyses 

VI Quartz keratophyre, Ironstone Creek, Nowa Nowa. 

(Analyst : H. R. Samson) 

VII Quartz keratophyre, SVY of Canni Creek 

(Analyst : H. R. S ) 

VIII Soda Granite, Granite Creek, Tara Range 

(Analyst : H. R. S.) 

Granitoid Rocks 

Outcrops of granitoid rocks in the area are limited to the vicinity of two 
small creeks, about half a mile WNW of Mt. Lara and about 20 chains east of 
the limestone-ash contact. The main outcrop is about 30 chains long, although 
it is not continuous, the stream being crossed at one point by a narrow neck of 
‘ rhyodacite ’ (or quartz-porphyrite) about two yards wide ; some six chains 
further east there is another smaller outcrop. The main rock type is a quartz 
syenite, but granitic and soda-rich varieties also occur. 

Teale discovered this granitic outcrop, and from his field and petrological 
examinations of the rock concluded that it was a hornblende granite. He corre¬ 
lated it with similar rocks at Colquhoun and Bete Bolong, where the intrusive 
nature into Ordovician sediments could be seen. He included these granites 
in the group of Victorian alkali granites. Since the adjacent ‘ash-beds' 
s oushowedigns of contact alteration, he presumed the granite to be the older. 
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Quartz Syenite. Macroscopically no quartz is visible, the rock consisting 
predominantly of felspar and hornblende. Pink orthoclase is in excess of pale- 
green oligoclase. These facts together with the low silica percentage shown by 
the chemical analysis given in Table 1, place the rock in the quartz syenite class. 

In thin section (6406) the felspars are rarely found fresh, rendering accurate 
determination difficult, but the plagioclase is certainly a soda-rich variety, 
about oligoclase in composition. Both interstitial quartz and perthite occur 
in minor amounts. Hornblende is extensively altered to chlorite (pennine and 
clinochlore) and rarely to ilmenite and epidote, probably due to deuteric action. 
Sphene also occasionally occurs. 

Soda Granites. The normal soda granite is pink in colour with occasional 
green patches of ferromagnesian mineral. In thin section (6444) it shows 
predominant quartz and cloudy orthoclase with lesser amounts of hornblende, 
which is being replaced by chlorite and epidote, and finely twinned plagioclase. 
Straight extinction in the latter indicates oligoclase. 

S 6 is an albite-rich variety. It is a whitish coarse-grained rock, which in 
thin section (6435) is seen to consist mainly of orthoclase, sodic plagioclase 
(finely twinned oligoclase and chess-board albite) and quartz. The albite is 
generally found replacing quartz or intergrown with it and exhibiting graphic 
and granophyric structures (Plate X, Fig. 2). A similar texture is seen on a 
smaller scale in a quartz syenite adjacent to a rhyodacite. The syenite is cut 
by veinlets of finely crystalline albite, orthoclase and lobate quartz, with 
micrographic intergrowths in patches (6409). It would appear that replace¬ 
ment by soda-rich solutions was a feature of late-stage magmatic activity. 

Aplite and Pegmatite. Cutting the syenite at one locality is an aplite vein 
consisting of a mosaic of orthoclase and quartz. This grades into a pegmatitic 
mass of a coarse pink felspar with occasional quartz crystals. Perthitic albite 
is developed in the pegmatite orthoclase, and is associated with chess-board 
albite (6432) (Plate X, Fig. 1) (6433). 

Relation of Granitic Rocks to Ordovician 

Teale shows that in the Bete Bolong area there has been a development of 
hornfels in the Ordovician along the contact with the granite. In one branch 
of Granite Creek, Tara Range, metamorphism of the Ordovician by syenite 
is seen. The contact rock is a granitized quartzite. The thin section (6437) 
shows that the original rounded quartz grains have been attacked and in the 
interstices secondary quartz, albite, amphibole, and orthoclase have been 
deposited. The amphibole has in part been replaced by pennine and clinochlore. 
Apatite is present and also a number of rounded zircons, which belonged prob¬ 
ably to the original sedimentary rock. Albite generally shows some crystalline 
form and occurs bordering the original quartz grains, lhe orthoclase, however, 
is completely allotriomorphic, indicating soda was introduced before potash 
(Plate X, Fig. 3). 

A lower grade of metamorphism is exhibited in a bed of hornfels further 
east, which contains very fine aggregates of sericite and chlorite fibres, as well 
as the original small quartz grains (6438). 

Relation of Quartz Syenite to Rhyodacite 

The rhyodacite often appears normal up to within a yard or so of the 
contact and no penetrations by offshoots from the intrusive plutomc rocks 
were noticed. A series of specimens was taken across the first contact. A very 
narrow zone of apparently basified quartz-syenite contains green inclusions 
of mainly fine chlorite and quartz possibly representing xenoliths ot urn 


io8 


G. W. Cochrane and H. R. Samson : 


replaced rhyodacite (6410). This is succeeded by a structureless green rock 
in which all felspars are obliterated, a few small rounded quartz crystals with 
frayed cloudy borders remaining in a microcrystalline groundmass containing 
almost amorphous chloritic material (6411). In the next zone some felspars 
are preserved and quartz phenocrysts are larger (6412). The transition to 
normal rhyodacite is rapid, showing the typical large embayed quartz crystals, 
idiomorphic plagioclase, generally slightly sericitized, chlorite, and biotite 
which appears to replace original hornblende (6413). 

There is no definite evidence of contact metamorphism by the syenite, 
indeed the textures of contact specimens are suggestive of a chilled rhyodacite 
border, and in the field a number of syenite inclusions in the (?) chilled rock 
were observed. These features, together with the occurrence of granitic rocks 
at a higher level upstream, and on a ridge to the north, suggest that the small 
neck of ‘ rhyodacite J across the creek represents a dyke intrusion rather than 
a portion of unreplaced country rock. 

Relation of Granite to Rhyodacite 

Near one of the contacts, a boulder in the bed of the creek was found to 
exhibit the following succession of contact rock types : unaltered rhyodacite, 
followed by a greenish finer grained type having a streaked, rudely schistose 
appearance (schistose rhyodacite), a green hybrid rock showing schlieren and 
veinlets of quartz and felspar, and finally-a granite with coarse quartz pheno¬ 
crysts and more dark minerals than the normal variety. 

This granite-rhyodacite contact shows different contact effects from the 
quartz syenite-rhyodaeite contact described above. The 4 schistose rhyoda¬ 
cite ’ (6422) consists of rounded quartz crystals with cloudy borders, and 
fractured and carbonated felspars in a silicified structureless matrix. One 
felspar shows alteration to zoisite. In the * veined hybrid rock ' (6446), com¬ 
posite grains of quartz, albite, and minor amounts of orthoclase and hornblende 
form veinlets in a matrix of altered rhyodacite, represented by fibrous chlorite 
and angular fragments of quartz and felspar (Plate IX Fig. 3). 

In some specimens the rhyodacite has been converted to a coarser grained 
rock consisting of short prismatic felspars of both plagioclase and orthoclase, 
and occasional larger crystals of biotite and quartz (6418). This variety grades 
into one with the larger aggregates of quartz and felspar, which may form 
blebs in the hand specimen up to half an inch in diameter (642b). These con¬ 
stitute porphyroblasts originating from the intrusive magma. The reaction 
zone is marked by the development of a sericitic mica and fibrous green amphi- 
bole, both poorly crystallized, in which patches of granular quartz appear 
(6421) (Plate X, Fig. 4). Therefore the granite is intrusive into rhyodacite. 

Relation of Granite to Quartz Syenite 

Specimens were studied from the contact between granite and quartz 
syenite at the junction of Falls Creek and Granite Creek. There appears to 
have been an addition of quartz to the syenite ; the felspar is saussuritized 
and the hornblende completely broken down into pennine and clinochlore. 
The quartz sometimes is bordered with albite, and both quartz and albite in 
the groundmass seem to be attacking the felspar. Albite increases towards 
the granite and in this rock too, it is attacking the quartz (6429). 

This is therefore no clear evidence of the age relationships of the two plutonic 
rocks, although from field evidence the occurrence of granite in dyke-like forms 
through the syenite suggests that the granite is the younger. This view is 
further supported by the fact that the aplite-pegmatite and several other 
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narrow leucocratic veins, presumably the final product of the granitic magma, 
clearly intersect the quartz syenite. 

Relative Age of the Rocks 

From observations of the various rocks in this region, it is clear that the 
granitic complex is post-Upper Ordovician in age ; there is also evidence that 
the granite is post-Lower Devonian. However, the relationships of the quartz- 
syenite to the Lower Devonian lavas is not so distinct, one contact showing 
features which suggest intrusion of quartz-syenite by the porphyritic ‘ rhyoda- 
cite.' Definite evidence concerning the relations of quartz-syenite to the 
soda-granite is lacking. 

Sedimentary Rocks 

Teale suspected the existence of sub-aqueous deposition in the Boggy Creek 
beds but stated that ... 1 in the absence therefore of definitely aqueous sedi¬ 
ments interbeddcd with ash-beds, or of the association of fossils in sedimentary 
material with the pyroclastics, it may not be possible to decide whether the 
beds in question are really sub-aqueous or not.’ The presence of Devonian 
sedimentary rocks definitely associated with the volcanic and pyroclastic types 
has been shown by the authors in four distinct localities, Tara Range, Iron¬ 
stone Creek, north of Mt. Nowa Nowa and Tomato ('reek area. 

The Tara Range Sandstones. On the top of the Tara Range, about half a 
mile south of Mt. Tara, a thin sandstone bed is interbeddcd with massive 
rhyodacite and ash-beds, and consists of a fossiliferous band about 6 in. wide, 
grading up through tuffaccous sands to true ash-beds. Fire same succession 
occurs along a ridge two miles to the south, though the fossiliferous bed.is not 
represented, and the tuffaccous sandstones are more finely laminated. 

Boggy Creek Group. Sedimentary rocks were found in this series at two 
localities. Shales and ferruginous sandstones are interbeddcd with ash-beds 
and porphyroids in Ironstone Creek, and further north a friable yellow sandstone 
is similarly associated. These fine-grained sediments show no trace of the 
shearing stresses which produced textural and mineralogical changes in the 
associated rock types in the same series. 

Mount Nowa Nowa Sediments . Sedimentary rocks are exposed along the Mt. 
Nowa Nowa track for a short distance, but are mainly confined to the valleys 
of a number of tributaries near the head of Ironstone Creek, being in general 
at a lower level than the adjacent volcanic rocks. Uphill from the foot of Mt. 
Nowa Nowa on the east side, the following sequence is observed : sandstones 
and shales, porphyroids, rhyodacites, andesite ash. 

Along Junction Creek, there is an alternation of sandstone, quartzites, 
shales, tuffs, rhyodacites, andesite ash, and a coarser grained fragmental rock 
with quartz phenocrysts and micaceous sandstone inclusions. A typical rock 
type is red micaceous sandstone with large flakes of mica. In thin section 
((qf>3) it shows angular to sub-angular quartz grains, brown biotite and occas¬ 
ional grains of plagioclase felspar. The material is in general poorly sorted and 
it apparently represents a shallow water deposit formed from the disintegration 
of nearby igneous rocks. Brown, green and white quartzites and brown shales 
■1 so occur. 1 he green quartzite (6466) consists of larger rounded quartz grains, 
abundant chlorite and secondary amphibole and a little zircon and plagioclase. 

he refractive index of the felspar is less than that of quartz, so it is oligoclase 
°r albite. Some quartz is granulated and some shows strain. 

there are also a number of variouslv coloured sandstones, whose appearance 
suggests a tuffaceous origin. 



no 


G. W. Cochrane and H. R. Samson : 

Middle Devonian 

Massive fossiliferous limestones and calcareous shales of proven Middle 
Devonian age, the ‘ Buchan Limestones/ outcrop in the valley of Tara Creek, 
in the northern part of the area, striking approximately N30°E and dipping 
west. The contacts of limestone and ash beds, and limestone and Ordovician 
have been mapped. To the west of the Buchan Road, about four miles south of 
Buchan, there is a smaller limestone outcrop where the rock is being quarried 
and crushed. A small inlier of limestone occurs south of the main mass in 
Tara Creek. Strikes and dips recorded in this occurrence suggest it is a fault 
inlier. Inliers of limestone also occur partly buried by Cainozoic sands and 
gravels in the side of the Buchan Road just north of Canni Creek and in the 
valley of Yellow Water Holes Creek. 

Cainozoic 

Both marine and fluviatile Cainozoic deposits occur in the area, the dividing 
line, according to Teale (1920) being just south of Nowa Nowa and running 
east-west. 

Marine Sediments 

At Nowa Nowa township, the Palaeozoic rocks dip steeply down below 
stream level and the northern limit of Cainozoic marine sedimentation in this 
area was probably here. The sediments are horizontally bedded sandy lime¬ 
stones, limestones and marls, which are in part ferruginous. Teale suggested 
they were probably Janjukian in age. 

Fluviatile Deposits 

Extending north-east and north-west from Nowa Nowa a thick cover of 
sands, gravels, ferruginous grits and conglomerates obscure the older rocks 
of the area and rise up to heights of about 600 ft. above sea level. The heavy 
fluviatile conglomerates contain large rounded pebbles of reef quartz, jasper 
and various volcanic rocks. Similar deposits are found in a basin north of 
Canni Creek, and probably form part of the Torrent Gravels, which are wide¬ 
spread over the plains of East Gippsland. They are regarded by Hills (1940) as 
having resulted from the erosion of the Eastern Highlands due to uplift in 
early Pliocene times. The movement evidently continued after deposition of 
the gravels, as indicated by their present elevation. 

Basalt 

A small occurrence of basalt on the west side of the South Buchan Road, 
about four miles south of Buchan, w^as first recorded by Teale. Hills ( 1939 ) 
showed the rock to be a serpentinizecl olivine basalt and suggested that the 
outcrop) represents a remnant of a former larger flow. Evidence of age is 
indefinite, but Hills regards this rock, together with the olivine basalts of the 
Gelantipy district to the north, as probably Pliocene in age, being younger 
than the Miocene Older Volcanics of South Gippsland, but older than the 
Pleistocene basalt of Morass Creek, just north of Benambra. Hills also des¬ 
cribed decomposed basic flows interbedded with gravels from a road cutting 
a few miles south of Buchan. 

Dykes 

A number of decomposed acid dykes, intruding Cainozoic sands and gravels 
are observed in a road cutting about three miles south of Buchan. Decomposed 
basic dykes intersect Middle Devonian limestones in the quarry west of the 
Buchan Road. Hills (1939) also mentions another ‘ thoroughly decomposed 
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basic dyke ’ cutting the Pliocene Torrent Gravels south of Buchan. The basic 
dykes are therefore all probably Upper Cainozoic in age. At one locality, about 
three miles SSW of Mt. Tara, near a rhyodacite-Ordovician contact, a fairly fresh 
dolerite dyke occurs. It is a green, even-grained rock, consisting of plagioclase 
laths (andesine to labradorite), colourless augite, and magnetite. Secondary 
minerals are calcite, chlorite, epidote, and rare clinozoisite. 

Mineralization 

A widespread and varied mineralization is found throughout the area in 
the Palaeozoic rocks. No systematic study has been made of the ore deposits, 
and they would appear to offer an interesting field for future research. Gen¬ 
erally, the deposits are of limited extent, and though various gold, copper, 
iron, manganese, lead and silver mines have been worked for short intervals 
in the past, the only one at present operating is the Oxide Mine, about two 
miles NNW of Mt. Tara, where small amounts of manganese ore, chiefly 
psilomelane, have been extracted. Mineral localities, which have been recorded 
in literature, are given below, and the location of the most important of these 
is indicated on the general map. 

Iron and Manganese 

Boggy Creek — Mt. Not&a Nowa —‘ Eight-mile ’ : Outcrops of manganiferous 
specular hematite associated with red jaspers and quartz showing colloform 
banding are common along Lower Boggy Creek and south of Mt. Nowa Nowa. 
The * Eight Mile ' lode, consisting of more massive hematite, is the most im¬ 
portant deposit in the area. These occurrences appear to have resulted from 
replacement by hydrothermal solutions, but their extent in depth is unknown. 
Teale (1920), Whitelaw (1920), Howitt (1925). 

Iron Mash Lode . This formation, north east of Canni Creek, outcrops over 
a distance of about 1,000 ft. with an average width of 30 ft., and is composed 
of hematite, limonite and manganiferous iron ore. Dunn (1907C), Whitelaw 
(1920). 

Oxide Mine. Ferruginous manganese ores assaying up to 40% manganese 
outcrop in the volcanic beds north of Mt. Tara. Kenny (1925). One such deposit 
is at present being worked at the Oxide Mine, where the ore-body appears 
to occupy a fault. 

Tara Creek. Map 2 shows an area of ironstone in limestone country near 
the head of Tara Creek. The deposit consists of hematite and cellular limonite, 
and may represent the gossan of a sulphide ore body. 

Gold 

The chief gold-bearing area is in faulted and disturbed Ordovician, south 
of Lady Torr Creek, where small rich reefs containing fine gold associated with 
chalcopyrite have been worked. Gold also occurs in minor amounts at several 
localities west of Mt. Tara, including Tara Crown. Dunn (1907A). Alluvial 
gold has been reported from Tara Creek by Howitt (1876). 

Lead-Silver 

Tara Crown. Five miles south-east of Buchan is the Tara Crown lode, 
which was first worked for gold and later for lead and silver—Whitelaw (1921). 
The lode occupies a fault which strikes NNE through the volcanic rocks and 
appears to extend to the Oxide Mine. 

t Back Creek. North of Mt. Tara, along Back Creek, argentiferous galena 
veins are found in the limestone associated with copper ores and occasionally 
zinc blende—Howitt (1876), Whitelaw (1921). 
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Copper 

The only copper deposit of any size was at the Dominion Copper Mine near 
the headwaters of Hospital Creek—Dunn (1907B). 

Barytes 

Several small barytes deposits outcrop in the hills around Canni Creek, west 
of the Buchan Road (Teale, 1920). The mineral is also found as a small body 
just south of the Iron Mask Mine (Dunn, 1907C) and as small veins along Boggy 
Creek and south of Mt. Tara. 

Heavy Minerals 

Heavy mineral analyses have been made on the rocks listed in Table 2, 
which also includes analyses made by G. Baker (1941) on other granitic rocks 
in south-east Ginpsland. The most striking feature of the work is the occurrence 
of anatase in all the north Tara Range rocks except the granite, and in the 
Bete Bolong quartz syenite. The blue variety occurs in all these rocks, and is 
accompanied by the yellow variety in the Tara Range andesite and syenite. 
In the latter rock, the yellow form is the more prevalent. In over one hundred 
Victorian igneous rocks examined by Baker (1941), anatase was found in only 
six. However, as will be shown later, the anatase is probably of secondary 
origin, and its occurrence cannot be used to indicate that the rocks in which 
it is found are comagmatic. 

Despite an appreciable difference in their index numbers, there is a great 
similarity in the heavy mineral assemblages of both the Tara Ranges and 
Bete Bolong quartz syenites, which provides extra evidence in favour of leaks 
suggestion that the two outcrops form part of the one plutonic body. 

Petrogenesis 

Two features of the petrology of the area are the diversity of igneous rock 
types and the widespread development of secondary minerals. 

Origin of the Volcanic Rocks 

The Snowy River Series covers an area of some 1000 square miles in Victoria 
and reaches thicknesses of up to 2500 ft. It consists largely of accumulations 
of volcanic and pyroclastic materials with occasional sedimentary interpola¬ 
tions. Even in the small area covered by the authors, a wide variety of acid 
and intermediate igneous rocks is encountered. Oligoclase rhyodacites and 
quartz andesites are the commonest volcanic types, but quartz keratopliyr^ 
tuffs of all grain size, dacitic and trachydic varieties also occur. Frequent in¬ 
clusions, consisting of sanidine laths in a glassy ground mass, in the rhyo¬ 
dacites and ash beds, indicate the earlier presence of more widespread trachyh 
flows than are now found. Generally individual flows appear to have been ol 
limited extent, and an alternation of acid, intermediate and tuffaceous typ- 
frequently occurs, indicating a continually changing set of conditions in tin 
magma chamber. There is thus no evidence of simple differentiation luiving 
occurred within the magma chamber before extrusion. Differentiation within 
individual flows after extrusion is not apparent. , 

The origin of the igneous rocks presents an interesting problem. It h as 
been proposed that acid lavas may form by pure crystallization differentiation 
of a femic magma, but in the production of the large volume of acid and inter¬ 
mediate extrusive rocks forming the Snowy River Series, an even gr ea | el 
quantity of basaltic magma should have been formed and no indication of tin-' 
is seen at the surface. Holmes (1931) has suggested that the trend of nornw 
crystallization differentiation of a basaltic magma is towards track ytic typ e: 
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Nos. 1—12 : Specific Gravity of Heavy Liquid = 2-89. Analysts : G. Cochrane, H. Sampson. 

Nos. 13—20 : Specific Gravity of Heavy Liquid = 2-88. Analyst: G. Baker. 
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and that rhyolites are produced when cupolas from the trachytic magma rise 
up from the underlying basaltic magma in the sial and melt some of the granitic 
material. This could account for the association of acid and intermediate types 
in the Snowy River Series, although it would be necessary to have a meridional 
cupola extending for several hundred miles. 

A third possibility is suggested by the paper by A. B. Edwards (1937) 011 
the presence of a quartz diorite magma in Eastern Victoria. To account for 
the frequent close association of acid, intermediate and basic igneous rocks in 
this area, all of which contain free quartz, Edwards proposes that they crys¬ 
tallized from a common parent magma, wich was formed by the large-scale 
assimilation of argillaceous sediments by a tholeiitic magma. _ It is possible 
the parent magma of the Snowy River Series formed by a similar process, 
for all the plutonic and volcanic types contain free quartz (e.g. quartz syenite, 
quartz andesites, rhyolites, quartz keratophyre), but there is no. strong evidence 
for the removal of large quantities of sediments in the area nor indications from 
the lavas and plutonic bodies of their large-scale assimilation. The pyroclastics 
and some of the lavas of the Tara Range contain numerous included fragments 
but they are mainly of andesite and trachytes. Only in the coarser ashes are 
shale fragments found and these probably represent pieces caught up in the 
magma as it broke through to the surface. Partly digested inclusions are rare, 
so if the quartz diorite formed by assimilation of aluminous sediments, the 
process must have been deep-seated and complete. 


Origin of the Plutonic Rocks 

Quartz Syenite. There are three possibilities for the origin of the quartz 
syenite. 

(i) It may have crystallized from a cupola developed from an under¬ 
lying magma reservoir which intruded during orogenesis. 

(ii) It may be derived from the same magma as the volcanic rocks ana 
represent a small pocket of magma which was cut off by dosing 
of the vents after the extrusion of most of the material to give the 
lavas and tuffs. 

(iii) It may be of replacement origin. 

The occurrence of three sets of joints suggests solidification from a molten 
mass thus supporting the magmatic theories. Teale evidently favoured the 
first hypothesis, for he tentatively correlated the Tara Range ' hornblende 
granite * with a similar rock at Bete Bolong and with the granites of Colquhoun 
and Gabo Island. The Tara Range and Bete Bolong syenites show strong 
resemblances and are probably related, but microscopically and in their heavy 
mineral assemblages there is no obvious reason for grouping them with the 
other granitic rocks as Teale suggested. 

It is possible that the quartz syenite formed as a result of the closing oi a 
vent after the extrusion of one of the flows of the Snowy River Series and the 
subsequent crystallization of the magma thus trapped below the surface. 
However there does not appear to be any similarity between the chemica 
analyses of the quartz syenite and those of any of the volcanic rocks whic 
have been analysed. Moreover, the evidence provided by field relations, 
although not decisive, suggests the quartz syenite being older than the volcanic 
series. If the former then, is magmatic in origin, it would seem likely that 
crystallized from a deep-seated intrusion into the Ordovician sediments. Other 
hornblende-rich acid plutonic rocks, occur at Whisky Creek, North Buchan, 
and higher up the Snowy River Gorge. When further work is done on thes 
rocks it may show that they belong to the same petrographic province as t 
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Bete Bolong and Tara Range syenites and probably throw more light on their 
age relative to the Snowy River Series. 

The third possibility, that the quartz syenite is of replacement origin is 
improbable since there is no wide range of intermediate types between the 
Ordovician sediments and the quartz syenite and no possible source for the 
requisite emanations is known in the district. 

Soda Granite and Pegmatite 

In Granite Creek, there are veins of oligoclase granite, albite granite and soda 
pegmatite, which may be either of magmatic or partly or wholly of replacement 
origin. The presence of chessboard albite and rare myrmekite in the albite 
granite and pegmatite is fairly conclusive evidence for their formation by 
replacement. The replaced rock was probably quartz syenite, although the 
pegmatite may have been formed by metasomatic alteration of the potash 
felspar in the adjacent aplite. 

The evidence for a similar origin of the oligoclase granite is not conclusive. 
Specimen S 15 (6444) contains 4-12% Na 2 0 , but the felspars are all altered, 
and there is no indication of soda replacement. Specimen Q 28 (6427) is 
similar macroscopically, but in thin section shows abundant chess-board 
albite attacking quartz and orthoclase. This rock passes by transition into 
quartz syenite, and it is possible that the S 15 type represents a late stage 
intrusion of soda-rich magma along favourable planes in the quartz-syenite. 
Later replacement by soda solutions gave the Q 28 type. 

The formation of an albite granite by metasomatic alteration of an inter¬ 
mediate plutonic rock has been described from near Sparta in Oregon, U.S.A., 
by J. Gilluly (1933), and it is interesting to compare the features of these rocks 
with those of the Tara Range types. Gilluly attributes the formation of the 
albite. granite to a latc-stage and post-magmatic replacement of an almost 
completely solidified quartz diorite by solutions derived probably by filter¬ 
pressing of the lower portion of the same mass. Points of similarity with the 
Tara Range soda granites are the occurrence of replacement albite (sometimes 
being the chess-board variety at Sparta) ; the decrease in the amount of dark 
minerals and accessories as compared with the adjacent intermediate types ; 
the presence of myrmekite and micrographic textures, and the notable drop 
in the mafic content of specimens in which micrographic textures occur as 
compared with the normal granitic rocks. In the field Gilluly has traced a 
complete transition from albite granite to quartz diorite, indicating the differ¬ 
ences in their composition arose in situ. Whether the replacing soda solutions 
in the Granite Creek rocks are of similar origin to those at Sparta will be dis¬ 
cussed in the next section on secondary minerals. 

Secondary Minerals 

In many of the igneous and sedimentary rocks of the area, there has been 
an extensive development of secondary minerals—chiefly chlorite (pennine 
in greater amounts than clinochlore), amphibole, epidote, sericite,^ and occas¬ 
ionally anatase, sphene and muscovite, together with the introduction of albite 
and quartz. In some cases, a simple recrystallization has taken place, as 
seen by the frequent pseudomorphous replacement of pyroxene by secondary 
amphibole, but usually, as indicated by the presence of amphibole and chlorite 
in Devonian quartzite and the common association of amphibole with plagio- 
clase, the changes have been brought about by the introduction of active 
solutions. The problem arises whether these solutions have been bi ought 
from the depths or whether they were mobilized within the igneous rocks 
after their extrusion. 
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Lime, Iron, Magnesia : The second possibility probably explains the origin 
of the solutions carrying lime, magnesia and iron. The formation of secondary 
ferromagnesian minerals is common and widespread in many rocks in Easter; 
Gippsland. In the Nowa Nowa there is generally a more or less complete, break 
down of primary pyroxenes and amphiboles giving pennine and clinochlon 
and involving a large scale removal of calcium and some iron. Rarely epidotc 
is found pseudomorphous after primary femic minerals, indicating that 
magnesium has gone into solution. The fact that they are so widely dispersed, 
together with the indications that lime, magnesium and iron have been re¬ 
moved from primary minerals, favours the hypothesis that the secondary 
ferromagnesian minerals were deposited from active solutions which were 
probably formed by ground waters dissolving out certain elements from the 
minerals of the volcanic rocks and redepositing them elsewhere to form new 
minerals, the channels being provided by the various major and minor fractures 
produced during the era of compression, shear and warping, which gave rise 
to the porphyroids. 

Potash : The sericite occurring in the Boggy Creek ‘ diabase ’ probably 
derived its potash from similar solutions. 

Titania : The biotite of the Tara Range rhyodacite is evidently a titanifer- 
ous variety, for in several sections it is seen partially broken down to muscovite, 
chlorite and sphene. Anatase has been found in the heavy mineral assemblages 
of several of the Tara Range rocks. As A. Brammall and H. Harwood (1923} 
have pointed out, this mineral may be of pneumotolytic or hydrothermal 
origin. It is unlikely that the anatase of the Tara Range rocks is of pneumato- 
lytic origin since there is an absence of other typical pneumatolytic minerals 
such as tourmaline or topaz. Numerous examples, however, have been des¬ 
cribed of anatase having formed by the hydrothermal breakdown of sphene, 
ilmenite and rarely titaniferous biotite and magnetite. It therefore seems 
probable that the titania for the Tara Range anatase was derived originally 
from the titaniferous biotite. Hydrothermal solutions probably decomposed 
some of the biotite, or the sphene associated with it, and carried away titania, 
depositing it in other rocks as anatase. 

Soda : The occurrence of chessboard albite and rarely myrmekite in the 
Tara Range soda granites and pegmatite indicates secondary replacement by 
soda in these rocks. Elsewhere albite is found In replacement coronas and rims 
replacing quartz phenocrysts in some rhyodacites which have been examined. 
There are also quartz-albite veinlets intruding volcanic rocks, notably the 
southern andesites. The problem presents itself whether the introduction of ! 
all these soda-rich solutions occurred at the same time and from where they 
originated. 

Though there are outcrops of quartz keratophyre in the area containing up 
to 7% Na 2 0 , the limited occurrence of the albite veins and albitized rocks and 
the. comparatively large distance between the latter and the nearest keratoph- 
yres, indicates that soda was evidently not carried by active ground water 
solutions like the lime, etc., but that more probably the replacement soda 
minerals are of direct magmatic origin. The quartz keratophyres are among 
the youngest of the volcanic rocks and appear to represent an end-stage mag¬ 
matic product, when there was a relative enrichment of soda as compared with 
potash. At the end of vulcanicity, there was evidently a small amount of soda 
and silica left, which was driven out into the overlying rock giving the quartz- 
albite veinlets. The presence of clinochlore in some quartz-albite veinlets 
where it is distinct from the scattered pennine flakes in the rocks, which these 
veins intrude, points to minor amounts of iron and magnesium in secondary 
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femic minerals being of deep-seated origin. The albite rims in the rhyodacite 
also probably represent a late-stage soda attack by residual liquors. 

There still remains the question of the soda-solutions, which brought about 
albitization of the plutonic rocks in Granite Creek. The fact that the quartz 
syenite and soda granite very closely attain the same height points to their 
having been eroded to the same level before extrusion of the volcanics. Other¬ 
wise it would not be unreasonable to expect that the albite replacement would 
extend into the overlying rocks. Therefore the soda and silica introductions 
which produced the albite granite (S 6, Q 28) and the pegmatite may have 
intruded close after the crystallization of the oligoclase granite (S 15). The 
other possibility which cannot be disproved is that these soda-silica solutions 
are related to late-stage soda enrichment of the volcanic magma and that on 
traversing the plutonic rocks they brought about albitization, whilst in the 
overlying rhyodacites, which were still possibly at a fairly high temperature, 
the soda attack was directed at the quartz phenocrysts and resulted in the 
formation of albite rims. 

Conclusion 

In the absence of conclusive evidence it is deduced that the quartz syenite 
is older than the volcanic series. Though the possibility of its having a replace¬ 
ment origin should not completely be neglected, the simplest and most probable 
explanation of its formation is that it crystallized from an intrusive magma. 
It is possible that it is the southernmost outcrop of a batholith which extends 
northwards along the Snowy River. The oligoclase granite represents a soda- 
rich differentiate of this same magme, but the age of the albite granites and 
pegmatite, which formed by replacement processes, remains uncertain. They 
may have been produced at the same time as the soda solutions attacking the 
rhyodacites and therefore be possibly related to the keratophyre magma. 

Structural Features 

Relations of Lower Devonian and Upper Ordovician 
North-South Ordovician Belt 

The appearance of the outcrop, which is elongated roughly in the direction 
of the chief trend-line of the area, suggests the existence of boundary faults, 
the rocks themselves being faulted and, in parts, brecciated and sheared. These 
features are especially noticeable in the northern area, in the vicinity of Lady 
Torr Creek, where extremely variable strikes are observed. The general con¬ 
tortion and disturbed nature of the strata are suggestive of contact faults. 

A small area north of Lady Torr Creek, where contacts between Middle 
Devonian, Lower Devonian and Ordovician were observed, was examined in 
order to ascertain whether the occurrence of Middle Devonian limestones 
adjacent to Ordovician rocks was indicative of faulting (Map 2). A considerable 
thickness of ash-beds, which here constitute the top of the Lower Devonian 
series, cut out very suddenly to the south, and do not appear between the small 
limestone outlier and the Ordovician basement. A fault contact, running north 
of west between the Lower Devonian and the Upper Ordovician is therefore 
indicated. The small area of limestone itself is regarded as resting uncon- 
formably on the Upper Ordovician, a relationship which implies the existence 
of the above-mentioned fault before the deposition of the limestone. Section B, 
drawn E-W, is a diagrammatic representation of the relations of the volcanic 
series to the basement rocks. On the eastern side, basal tuffs and sandstones 
containing marine fossils are shown resting unconformably on the Upper 
Ordovician, striking NE and dipping west. These are immediately overlain 
by the massive rhyodacites and andesitic rocks of the lara Ranges. The 
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straight line boundary of these rocks up against the Ordovician belt indicates 
a steeply-dipping contact, possibly a faulted syncline. Further south, where 
the flows are observed to dip off the Ordovician, the line of contact is extremely 
irregular. A relatively thin sheet of lavas is depicted, overlying an uneven 
Ordovician basement, portions of which occasionally project through as inliers. 



Fig. 2. 
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In the Grap Creek area, the sediments consist of sandstones quartzites and 
black slates. Strikes vary, but are predominantly N30°E and the rocks dip 
east at 45°-5o°. It is worthy of note that certain elongated outcrops of igneous 
rocks occur whose relations to topography suggest steeply dipping contacts. 
These may possibly represent composite intrusions. 

Lower Devonian 

Available dips in the volcanic rocks in the area west of the Ordovician belt 
indicate that the structure is dominantly synclinal. At Nowa Nowa, porphyroids 
of the Boggy Creek Group dip off the Ordovician, while in the north, quartz- 
andesites form the basal rocks of the series. Between these Limits, an area of 
rhyodacites and associated sedimentary rocks is exposed, the succession ob¬ 
served at Mt. Nowa Nowa being : (1) sandstones and shales (mainly Ordovician), 
(2) rhyodacites, and overlying these (3) quartz-andesites. At their contacts 
with these sedimentary rocks as well as those further east the rhyodacites are 
converted to porphyroids. The occurrence of porphyroids at sandstone-rhyo- 
dacite contacts is also noted at Tomato Creek, and north of Grap Creek. 

The general structural picture provided by this area then is one of dis- 
harinonic folding within the heterogeneous Lower Devonian series, each member 
of which has been subjected to the same orogenic forces, but the effects pro¬ 
duced in it are according to its physical nature. The behaviour of the various 
structural units may be summarized as follows : 

1. Massive Rhyodacites : The resistance to folding causes a certain 
amount of overriding and minor shearing movements within the flows, 
giving rise to porphyroids. 

2. Andesitic Rocks : Members of the andesitic suite, dominantly quartz- 
andesites, are in general more capable of folding than the brittle rhyo¬ 
dacites. This is partly due to the relatively smaller percentage of quartz, 
both secondary and as phenocrysts, which they contain, and also to the 
relative abundance of softer fragmental beds* Consequently rocks of 
this type do not in general give rise to porphyroids. At one locality 
only, the Ordovician contact south of Canni Creek, a quartz-rich andesite 
was observed showing a certain degree of schistosity. Andesitic types 
represented in the Boggy Creek Series are noticeably less sheared than 
the typical porphyroids, in which large quartz phenocrysts are charac¬ 
teristic. 

3. Boggy Creek Beds : This series, consisting chiefly of thinly bedded 
pyroclastics, is sandwiched between the Ordovician basement and 
andesitic rocks. Movement of the overlying mass has sheared the in¬ 
competent tuffs up against the Ordovician (see under Porphyroids). 

Hie succession in the Lower Devonian as observed in the northern lara 
Range and around Mt. Tara is distinct from that further south, at Nowa Nowa. 

Porphyroids 

Field evidence indicates that, in general, the occurrence of schistose por¬ 
phyroids is not related to zones of thrust faulting or any major fault displace¬ 
ment. Schistosity appears to have been produced by movements within the 
series of volcanics, sediments and pryoclastics. 

There are two distinct types of sheared volcanic rocks to which the term 
porphyroid ’ has been applied. The first, typified by the porphyroids associated 
with the Mt. Nowa Nowa sandstones and shales, are developed directly from 
massive rhyodacites, and are confined to the contacts of these flows with the 
sedimentary rocks which underlie them. The porphyroids have evidently been 
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produced by intraformational shearing in the brittle acid volcanics, when 
subjected to the compressive stresses which threw the underlying Devonian 
sediments into fairly sharp folds. 

The second type of porphyroid has developed from the thinly bedded lavas 
and tuffs, which are in part sub-aqueous, of the Boggy Creek series. The shear¬ 
ing of these incompetent beds has probably originated in essentially the same 
way as that producing the ‘ rhyodacite-porphyroids.’ 

The possibility of a fault contact between these porphyroids and the 
Ordovician must be recognised. Teale (1920) gives a small sketch map of the 
contact in Boggy Creek, showing crumpled and contorted Ordovican rocks. 
The amount of distortion of the strata w^as found to be even greater than that 
shown in the sketch, and the line of contact, which trends south of west in 
Boggy Creek may represent a fault. On the other hand, the relationships of 
the Boggy Creek series are significant, being placed between a considerable 
thickness of overlying andesitic lavas, and the solid Ordovician basement. 
On compression any slight overriding movement of the volcanic flows would 
exert strong shearing stresses on the small thickness of incompetent beds 
between the two resistant masses, producing porphyroids in the Boggy Creek 
series. Certain of the basal flows of the andesitic suite have been affected by the 
same movement; a specimen of the less massive diabase exhibits the porphy¬ 
roid microstructure in thin section. 

Minor occurrences of porphyroids in the Tara Ranges are found at 
Ordovician-rhyodacite contacts, probably caused by shear movements in the 
rocks at places where the lava sheet is thinner, and at Gunn’s mine, where 
porphyroids are developed in the footwall of a fault; this is the only instance 
seen of porphyroids being produced by faulting. 




Fig. 4. Section B. Generalized Section E-W through the Ordovician Belt 
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Summary and Conclusions 

A petrological examination of the rocks of the Snowy River Series in the 
Nowa Nowa-Mount Tara area has been carried out, extending the work of 
Teale (1920). In certain key areas the distribution of the various igneous rock 
types has been mapped in detail. Additional outcrops of the Ordovician rocks 
have been discovered, and the area of sedimentary rocks NE of Mt. Nowa 
Nowa, recorded as Ordovician by O. A. L. Whitelaw (1920), has been examined. 
The occurrence of porphyroids around the periphery of this belt was noted. 

Sediments of definite Lower Devonian age are described from the Boggy 
Creek area, where sandstone beds are associated with thinly-bedded sheared 
tuffs and lavas, and from the area south of Mt. Tara, where tuffaceous sand¬ 
stones, containing fossils of probable Lower Devonian age underlie massive 
rhyodacites and constitute the base of the series. 

Relations of the volcanic and pyroclastic rocks to basement Upper Ordo¬ 
vician are in the main unconformable, though in several cases the existence of 
possible faults is noted. Schistose porphyroids occur at the contacts of volcanic 
rocks with sediments of Upper Ordovician and Lower Devonian age. They 
attain their greatest development in Boggy and Ironstone Creeks, where 
sheared tuffs, lavas and sediments occur, and around the perimeter of the 
Mount Nowa Nowa sandstones, where gradations to unaltered massive rhyo¬ 
dacites are observed. It appears fairly clear, that shearing movements pro¬ 
ducing the porphyroids are not associated with major faulting, but have rather 
resulted from overriding movements of brittle massive lavas at or near the 
base of the series. 

A small granitoid complex, consisting of quartz syenite, soda granite, 
albite granite, pegmatite and aplite is described from Granite Creek, Tara 
Range. Evidence is presented indicating that the plutonic rocks are definitely 
younger than the Upper Ordovician. From an examination of certain contact 
rocks, it appears that small-scale granitization of rhyodacite has occurred, 
i.e. the soda granite is younger than the rhyodacites. 

Subsequent hyrdothermal activity has caused extensive solution and 
recrystallization of earlier minerals, and the deposition of secondary minerals, 
the principal elements involved being Ca, Mg, and Fe, and to a lesser extent Ti. 
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Plate IX 
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Silicificd ash bed showing minor faulting. Porphyroid Series, Ironstone Creek. G24, X 1 3/5. 

Sheared shaly ash bed. Lower Boggy Creek. K9, x 2. . . 

Granitizcd rhyodacite showing banding and schlieren of granitic material. Granite Creek. S16, natural size. 

Plate X 


‘Chess-board' albite in pegmatite. Granite Creek South. (6432), crossed uicols, X 30. 

Albite granite with granophyric structure and ‘chess-board’ albite replacing quartz. Granite Creek 
(6435), crossed uicols, X23. 

Granitizcd quartzite showing quartz grains (Q), albite (A) replacing quartz, orthoclase (Or), zircon 
chlorite (Cl). Granite Creek South. (6437). crossed nicols, xno. 

Granitizcd rhyodacite showing development of quartz, orthielase, plagioclase and hornblende (right), 
crossed nicols, X 30. 


South. 
(Z) and 
(6421), 
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PLATE XI 


Diabase showing idiomorphic augite phenocryst, quartz, altered felspar and chlorite. 
((>361), ordinary light, X 30. 

Siiicilied ash. bed showing banding indicative of probable subaqueous deposition. 


Lower Boggy Creek. 
Boggy Creek. (6400), 


ordinary light, x§. 

Ash bed showing fragmental texture. Ironstone Creek. (6343), ordinary light, X izb , 

Porphyroid showing fractured quartz phenocryst and sericite strands. Ironstone Creek. (6335), crosseu 


uicols, X 30. 
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THE PETROLOGY OF THE MIOCENE SEDIMENTS OF THE AURE 

TROUGH, PAPUA 

by A. B. Edwards, D.Sc., Ph.D., D.I.C. 

[Read io July 1947J 

Abstract 

The Miocene strata of the Aure I rough consist of about 15,000 feet of greywackes 
and mudstones, in about equal proportions, with minor intercalations of grit, conglomerate 
and limestone. They contain an abundant fauna of marine micro fossils, together with 
abundant plant fragments, and the lemains of a fossil turtle. I lie grcywackcs are ill-sorted 
rocks that show prominent graded bedding, and occasional slump structures. They consist 
essentially of angular grains of basic plagioclase, hornblende and pyroxene, with minor 
amounts of other minerals, together with numerous rounded rock fragments in a prominent 
clay matrix. The rock fragments consist largely of a variety of andesites, together with 
fragments of schist, mudstone, reef quartz, and other rock types. The majority of the mineral 
grains and rock fragments are iresh, but every thin section reveals a proportion that are 
weathered to varying degree. The mineral grains closely resemble those of Tertiary andesi¬ 
tic lavas in adjacent parts of New Guinea, and the andesite fragments can be matched 
with these rocks. Both grcywackes and mudstones closely approximate the average andesite 
in chemical composition. Lliey appear to be derived from a mountainous terrain, by the 
erosion of wide-spread andesitic tuffs, under climatic conditions similar to those now pre¬ 
vailing in the area ; and they were deposited in still, moderately deep water (within the 
neritic zone), free from all but weak current action, and close to a shore line. Deposition 
was probably accompanied by subsidence of the floor of the receiving area. 

In naming the rocks, emphasis has been placed upon processes of sedimentation 
rather than on the composition of the sediments. On this basis the rocks are greywackes 
as defined by Pettijohn and by Fischer, and are classified as such. 

Introduction 

This petrological study of the Miocene sediments of the Aure Trough, Papua, 
is based upon the examination of a suite of representative specimens supplied 
by the Australasian Petroleum Co. Ltd. It was undertaken as part of the pro¬ 
gramme ol the Mineragraphic Section of the Council for Scientific and Industrial 
Research (Mineragraphic Report No. 349, January 1947), and is published here 
by permission of the Council and of the Company. My thanks are due to 
Dr. M. F. Glaessner, Mr. J. N. Montgomery and Mr. G. A. V. Stanley, of the 
Australasian Petroleum Co. for providing detailed information as to the field 
occurrence of the sediments, and for constructive criticism of the manuscript. 

I he specimens were collected chiefly by Mr. Stanley. 

The Upper Tertiary (Miocene and Pliocene) sediments of New Guinea occur 
within two elongated, north-westerly trending basins, extending along either 
nank of the Central Highlands (Beltz, 1944) (Fig. 1). A connection between 
these two basins is envisaged at their south-eastern ends, in the area between 
the Watut and the Upper Ramu Rivers (Fisher, 1944). This connection, if it 
existed, opened southwards into a deep transverse trough, known as the Aure 
trough, across the more southerly basin. It is from this trough that the rocks 
under consideration were obtained. 

The Miocene strata in the Aure Trough are stated to have a maximum thick¬ 
ness of about 15,000 ft., and to overlie unconformably a complex that includes 
metamorphosed sediments, Jurassic and Cretaceous limestones, shales, sand¬ 
stones and conglomerates, and locally, Eocene shales, limestones and grits, 
as well as a variety of igneous rocks of various ages. 

The Miocene sediments are reported to consist of sandstones and mudstone§ 
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or shales, in about equal proportions. In places the sandstones and mudstones 
alternate rapidly, but elsewhere they occur in massive formations, several 
hundred feet thick. The sandstones, which include thick gritty members have 
been referred to variously as greywacke, and as tuffaceous sandstones. They 
carry an abundant fauna of marine microfossils. These are characteristically 
pelagic but some benthonic forms occur. Beds of shelly fossils have been found, 
but they are rare and local. Corals occur, but only as occasional, isolated, 
stunted, single growths. In addition, fragmental plant remains, mostly car¬ 
bonized wood fragments (fusain ?), occur abundantly in the bedding planes of 
most of the sandy members. The remains of a fossil turtle have been found 
near the mouth of Kariava Creek (Glaessner, 1942). 



RECENT pleistocene: TERTIARY 


MESOZOIC 


METAMORPHIC 

ROCKS 


INTRUSIVE 
IGNEOUS ROCKS 


9 20 40 60 80 10 0 

SCALE OF MILES 


PORT MORESBY 




t 

C 

c 

s 

ii 


t 


Fig. 1. Geological Sketch Map of the eastern part of New Guinea, showing the location 
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The sandstone members are characterized by graded bedding and current 
bedding is unusual, though well-developed current bedding has been observed 
at an occasional locality. Current bedding is not evident in any of the sandstone 
specimens examined, but most of the finer-grained sandy shales examined 
show small scale current bedding indicating that such currents as affected the 
sediments during deposition were generally strong enough to move only the 
finer-sized particles. Bedding is apparent in hand specimens of the finer- 
grained sandstones, being marked by dark bands, o-i mm. to i-o mm. thick. 
In thin sections these dark bands are seen to contain rather more clay matrix 
than the adjacent lighter bands. More rarely a thin dark band corresponds 
to a concentration of grains of magnetite and ilmenite. In several instances 
the beds show micro-grading. One specimen showed graded bedding extending 
through a thickness of about 8 cm. 

Bedding is not often apparent in the coarser sediments, but the thin sections 
reveal that in some, many elongated particles tend to lie with their long axes 
parallel, giving a rude bedding. This can also be seen in polished surfaces of 
the coarser, gritty rocks. 

Occasional specimens of fine-grained sandstone, or sandy shale, show 
evidence of contemporaneous erosion. Saucer-shaped hollows, a centimetre or 
so deep, and several centimetres across, have been eroded in the finely bedded 
shale, and filled with distinctly coarser-grained sand, that overlaps the trun¬ 
cated edges of the shale beds. The upper surface of the sand filling is flat, so 
that the sand ‘ bed ' is plano-convex in shape, and is conformably overlain by 
further finely-bedded sandy shales. Further evidence of occasional contempor¬ 
aneous erosion is provided by the occurrence of intraformational conglomerates, 
in which the pebbles consist of more or less well-rounded fragments of mudstone, 
set in a normal sandstone matrix (Plate XII, Fig. 1). 

Ripple markings are rare, but have been observed in places, and one 
specimen of mudstone has been obtained bearing impressions that resemble 
runnel markings, suggesting local exposure during deposition. No other 
evidence suggesting exposure during deposition is known ; and the mineral 
composition of the sandstones is such that they must have been buried rapidly 
to preserve the fresh condition of the many chemically unstable mineral grains 
present. 

Slip bedding and slump structures are not uncommon in the mudstones 
where thinly bedded and, in places, a mudstone bed has been broken into a 
series of discontinuous, irregular-shaped fragments, now interbedded in grey- 
wacke. Several of the specimens examined contain irregular fragments of 
mudstone, which may have been formed in this way. It would be difficult to 
explain otherwise the penetration of the greywacke material into fractures 
in the angular mudstone fragments. It is possible that the intraformational 
conglomerates may have developed by attrition and re-burial of mudstone 
fragments formed in this way. 

Syngenetic concretions, presumably calcareous, in view of the abundant 
calcite in some specimens, are found locally in the sandstones. They are gen¬ 
erally small, not exceeding 6 in. in diameter. 

Conglomerates, with cobbles up to 6 in. in diameter, are developed locally ; 
they occur as thick strongly lensed beds of no great volume. The cobbles, in 
so far as they have been examined, are well rounded, and consist of hard rocks, 
chiefly andesites, with occasional pebbles of quartz diorite, granophyre, reef 
quartz, schist, and rarely, Eocene limestone. A number of cobbles of similar 
size and shape, taken in the stream beds, but not in situ, have also been exam- 
uied. These may well be derived from eroded Aure conglomerates, and include 
the following types : hornblende granodiorite, syenite, hornblende andesite. 
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hornblende dacite, hornblende dolerite (diorite), dacite tuff, volcanic agglo¬ 
merate, and nodular graphitic schist—all rocks that have been found as frag- , 
ments in the greywackes. A line-grained conglomerate (or coarse grit) U\ .388 I 
from the Dude section (see below) yielded well rounded pebbles of augite 
andesite, hornblende andesite, graphitic schist, volcanic agglomerate, sandstone, 
quartzite, shale, basaltic or andesitic glass, altered (?) basalt, and hornblende 

granite (Plate XII, Fig. 2). 1 ,, 

Widespread, but very thin beds of marly limestone, rarely more than a 
few inches thick, occur throughout the sequence, but constitute a negligible 
thickness of the sedimentary series. Ihese so-called Puri limestones contain 
abundant micro-fossils, chiefly foraminifera. At one locality a detrital lime¬ 
stone, up to 20 feet thick, has been reported to occur. 

No igneous rocks are known to occur within the series. 

The specimens on which the following petrological study is based came 
from three sections. Two are sections of the basal Upper Miocene . (1) the 
Cupola section, about five and a half miles south-east of Kerema (Fig 1), where 
a thickness of more than 3000 ft. of sediments is exposed, containing three 
thick sandstone horizons (Fig. 2). (2) the Auivera and Napere Creek section, 
23 miles north-west of Kerema, where another 3000 ft. thickness of sediments 
is exposed. This section includes four thick sandstone horizons, that have 
been termed the Murakawarra, the Beoke, the Ouka and the Napere sandstones, 
in descending succession (Fig. 2). The third section is the Dude section, m 


auivera a. napere: 

CREEK SECTION 
23 MILES MW OF KEREMA 

UK 


MURAKAWARRA 

SAND 


BEOKE SAND 


MUDSTONE 


OUKA SAND 
NAPERE SAND 


789 
h 790 


U 797 

798 

799 


539 

541 

546 

552 


L 558 
559 
b 560 

561 

562 

- 1040-1045 


CUPOLA section! 

5 1/2 MILES SE. OF KEREMA 

UK 

2623-4 


UPPER SAND 
GRITTY 

SILT PARTINGS 


MIDDLE SAND 


MUDSTONE 


LQWER SAND 
& GRITS 


0 

fca 


500 

=r=fc=E= 


1000 


SCALE OF FEET 


2625 

2626 
2628 


2635 

2636 

2637 


2641 
-2642 
- 2643 


[-2644 

2645 


Fig. 2. Stratigraphical Columns of the Aurivera and Napere Creek Section (2A) and the Cupola Section (2B), sh 
the relative positions of the specimens examined. (UK 789, etc.) 






































Miocene Sediments of the Aure Trough 127 

Wommgo Creek, about 26 miles north-north-west of Kerema, and consists of 
sandstones about 200 ft. thick underlying beds that contain Middle Miocene 
foraminifera. The specimens from the two thick sections are referred to by 
the UK, series of numbers and their relative stratigraphic positions are in¬ 
dicated in Fig. 2. The specimens from the Dude section are referred to by the 
UV. series of numbers. The numbers refer to the field localities in the 
records of the Australasian Petroleum Company. 

Apart from the limestones, conglomerate pebbles, and the more calcified 
specimens, the rocks examined were too friable to withstand grinding as 
received. To prepare thin sections it was necessary to impregnate them with 
Canada balsam. Blocks from each specimen were immersed in a warm, tenuous 
solution of Canada balsam in xylol, and then evacuated with a hand pump. 
They were kept in this condition for an hour, or until on further evacuation 
no more bubbles were emitted. The blocks were then removed from the solution 
and dried at about 35 °C for a week. On grinding to prepare a surface for 
mounting it was generally necessary to re-impregnate the ground surface once 
or twice with the Canada balsam solution, and dry overnight, at each stage of 
grinding, before a satisfactorily plane surface was obtained. Many of the 
specimens required further impregnation immediately preceding the final 
stage of grinding of the thin section, to prevent grains tearing out before the 
requisite thinness was reached. About 35 specimens were sectioned, two or 
more sections being cut from most specimens. 

Greywackes (1 > 

The typical greywacke of the Napere Creek and Dude sections is a sandy 
friable rock, grey to brownish on exposed surfaces but dark grey when freshly 
broken. It is poorly sorted, the grains ranging in diameter from about 2^5 
mm. down to clay particles, with about 25 to 30 per cent of the rock composed 
of particles less than 0-05 mm. in diameter. The occasional large grains consist 
chiefly of sub-angular to rounded rock fragments, and scattered angular crystals 
of clear felspar. The hand specimens have a uniform appearance, apart from 
occasional dark, somewhat cellular patches, up to 2 cm. across, that consist of 
clots of coarse felspar crystals, loosely cemented together by limonitic material. 
The Ouka greywacke is somewhat coarser-grained, but equally ill-sorted. The 
Beoke and Murakawarra greywackes are rather finer-grained, and some of 
the Beoke specimens show fine bedding. Occasional specimens have weathered 
margins, which are stained brown with limonite, but most show little or no sign 
of weathering. 

The greywackes from the Cupola section are coarser-grained and lighter in 
colour. They range from medium-grained to extremely poorly sorted gritty 
sandstones, in which particles or rock fragments in excess of 2*5 nun. diameter 
constitute more than 5 per cent of the rock. The abundant rock fragments are 
commonly black or greenish black, and the coarser felspars appear white, so 
that the rocks have a speckled appearance. A large proportion of the rock 
fragments are elongate, and tend to lie with their long axes parallel so that the 
rock has the appearance of incipient bedding. 

Thin Sections 

Examination of thin sections reveals that the greywackes are a very homo¬ 
geneous group of sediments of unusual composition. They consist essentially 
of angular grains of plagioclase and hornblende, with varying proportions of 

(1) The sandstone members of the Aure sediments can be described either as greywackes, tuffaceous sandstones, or 

urn*, according to the mode of origin ascribed to them. The choice of the term greywacke, and the sense in which 

is used, is explained in the sections on the origin of the sediments, and on nomenclature, with which the report 

is concluded. 
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rounded to angular fragments of igneous and sedimentary rocks, set in a 
prominent clay matrix, and are very poorly sorted. Their texture in thin 
section could be described as that of a micro-breccia (1 late XIII, Tigs. 2, 4)- 
Quartz, apart from fragments of reef quartz, or of quartzite or other sedi¬ 
mentary rock containing quartz, is notably lacking. In the greywackes from 
the Cupola section it generally constitutes less than 5 per cent of the rock, and 
in those from the other sections it is almost absent. Pyroxenes are generally 
a minor component, but in some groups of specimens they are almost as 
abundant as hornblende. Other minerals present in minor amounts are mag¬ 
netite, ilmenite, leucoxene, limonite, biotite, muscovite, perthite (or orthoclase), 
epidote, glauconite (?), garnet, tourmaline, zircon and corundum. Carbonate 
minerals, chiefly calcite, are invariably present, sometimes in abundance. Most 
of the calcite is authigenic, but some occurs as the tests of foraminifera, which 
are present in every section, and as very occasional corals. The chief differences 
are in the relative proportions of the various components present (Table 1), 
and in the range of grain size (Table 2). 

The plagioclase is for the most part clear and fresh, but 111 every slide 
occasional grains or parts of grains are clouded, with alteration to sericite or, 
more commonly, to kaolin. In many instances the fresh plagioclase has been 
partly replaced by calcite, the calcite tending to replace the more calcic zones 
and cores of the crystals, which are often strongly zoned. The individual felspar 
grains are mostly angular, some extremely so, often with crystal faces forming 
some of the boundaries. Occasional grains preserve complete crystal form, 
and some show embayed rather than fractured margins, with curved re¬ 
entrants. Most grains, however, are bounded by one or more fracture surfaces. 
As a result the shape of the plagioclase grains varies considerably, with a 
tendency for a stumpy prismatic form to prevail. The plagioclase shows promi¬ 
nent lamellar twinning and zoning, some grains showing oscillatory and reverse 
zoning. The free grains closely resemble the plagioclase phenocrysts in some 
of the andesitic fragments that are abundant in the rock, and can be rnatchec 
also with the plagioclase phenocrysts in many of the andesites of New Guinea 
and the adjacent islands to the east. The composition of the grains cannot 
always be established but generally the cores of the crystals consist of labia- 
dorite, grading to andesine in the outer zones, in some instances with a narrow 
rim of more alkalic felspar. Some grains, on the contrary, have rims of cleai 
calcic plagioclase enclosing an irregular core of somewhat altered, more sonic 
plagioclase of distinctly lower refractive index. • 

Orthoclase is a rare constitutent, and is lacking from most of the rocks. 
It is present in small amounts, however, in the coarser, gritty sandstones of trie 
Cupola section, where it is associated with fragments of granite and syenite(.j- 
It generally contains a proportion of ex-solution perthite. 

The hornblende occurs as angular or prismatic grains. Many are fragmen s 
of larger grains, but a number retain their crystal outline. Many grains an 
fresh and unaltered, but some show alteration around their margins am 
along cleavages. The proportion of hornblende grains so altered is nota y 
higher than the relative proportion of altered felspars. I he most comrno 
alteration is a replacement by calcite, which invades the hornblende along ■ 
cleavage planes, and finally reduces it to a calcite pseudomorph. Many 01 
grains have a rim of ‘ welded’ magnetite granules. This is a product of a reactio 
with a magma, or the volatiles of the magma, during crystallization or extrusio . 
and can be matched with the hornblende phenocrysts in the andesitic fi a & 1 ? eI |, 
in the rock, as well as with hornblende phenocrysts in New^Guinea anC ^ s 
lavas. In a number of grains, however, this primary magnetite rim has e 
altered to limonite, as a result of weathering. The fact that the alteration 01 
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Table 2 

Sizing Analyses of Aure Greywackes 


British Standard 
Screen 
(Mesh) 

Aper¬ 

ture 

mm. 

1 

2 

3 

4 

5 

6 

7 

8 

over 7 

2-41 

— 

0*2 

— 

— 

— 

5*7 

— 

— 

7-10 

1 *67 

0*2 

0*2 

— 

— 

— 

3*8 

— 

— 

10-14 

1-20 

0*4 

0*6 

- — 1 

o*6 

0*1 

4*2 

— 

o *5 

14-18 

0-85 

0*7 

i '3 

o*8 

i *5 

o -3 

3-8 

I *2 

2*2 

18-25 

o*6o 

2*5 

3 ’ 1 

6*4 

3*5 

I *2 

5 *i 

5*8 

7*6 

25-36 

0*421 

7*2 

6*6 

I 3 'S 

5*5 

3*3 

6*i 

10*9 

11*0 

36-52 

0*295 

12*7 

11 *1 

14*8 

6*5 

7 *° 

6*7 

14*8 

10*8 

52-72 

0*211 

16*6 

14*8 

13-8 

8-3 

12*7 

7*2 

15*3 

io*3 

72-100 

0-I52 

13*6 

13*0 

I I *1 

n*9 

14*4 

6*9 

12*7 

8*9 

100-150 

0*105 

10*1 

10*2 

8-4 

12*3 

13*7 

6*9 

9 *o 

7*7 

150-200 

0*076 

6*4 

7*2 

5'8 

11*5 

ii*9 

6*8 

5*9 

67 

200-300 

0*053 

3*5 

3*6 

2*7 

5*4 

6*9 

4*0 

3*i 

4*° 

under 300 


26*1 

28*1 

22*4 

33 *o 

28*4 

32*8 

21*3 

3°'3 


1. UK. 1040, Napere sandstone. 5. 

2. UK. 1041, Napere sandstone. 6. 

3. UK. 562, Ouka sandstone. 

4. UK. 797, Beoke sandstone. 7. 

8 . 


UK. 789, Murakawarra sandstone. 

UK.2623, Upper sandstone (gritty), Cupola 
section. 

UK.2636, Middle sandstone, Cupola section. 
UV.381, sandstone. Dude section. 


hornblende grains to limonite is restricted to occasional grains indicates that 
the altered grains suffered weathering before deposition in the present rock. 
Some grains have altered to chlorite or to epidote. 

Several varieties of hornblende are present in every section. They are 
distinguished chiefly by their colour. One variety is common brown hornblende, 
pleochroic from straw yellow to brown, A second is pleochroic from pale green 
to brown. More striking is a variety of oxy-hornblende (basaltic hornblende) 
pleochroic from foxy-red to golden brown, and with almost straight extinction. 
All three varieties can be matched with the hornblende phenocrysts^ of the 
andesite fragments in the rocks, and with hornblende phenocrysts in New 
Guinea andesites. The foxy-red variety is presumably a form derived from the 
more common brown form by oxidation during extrusion, at a temperature 
above 75o°C and is, in a sense, the hornblende equivalent of iddingsite. n 
almost always has a rim of magnetite granules, marking the further stage in 
oxidation of its iron content ; and in extreme cases, is completely converted 
to a magnetite pseuclomorph, often hollow. 

Less common is an occasional grain of hornblende pleochroic from deep 
green to pale green, occurring as sheaf-like aggregates, with no well delink 
crystal outline. This hornblende bears a resemblance to that of amphibolites. 
Still less common are grains of an amphibole that is pleochroic from deep green 
to blue-green and bears some resemblance to glaucophane. 

Pyroxene is a relatively uncommon mineral in most of the greywackes. 
but in some, notably the Dude sandstone UV.381 and the Ouka sandstone 
UK.560-562, it approximates in abundance to the hornblende. Three varieties 
of pyroxene have been observed. The most common, which occurs in even 
section, and is much the most abundant in the greywackes which contain a 
notable amount of pyroxene, is a faintly pleochroic, pale greenish-brown augi 
with a high refractive index, a large extinction angle, and 2V about 60 , sag* 
gesting that it is a ferriferous augite. It occurs as angular fragments, and 1 
generally fresh, but occasional grains show partial alteration to calcite, genera . 
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around the margin and along cleavages. Very occasionally it shows alteration 
to limonite. Some grains contain clouds of small dark inclusions but most 
are quite clear. 

A second, less common variety is colourless and has a lower refractive index. 
It also is an augite, with a large extinction angle, and 2V about 6o°. The third 
variety, which occurs only as very occasional grains, is a hypersthcne, showing 
straight extinction, and pleochroism from pale green to palest pink. 

Biotite is always present, but generally only as occasional flakes. In 
occasional specimens, however, particularly UK.2625, from the Upper Sand¬ 
stone of the Cupola section, it amounts to about 1*5 per cent of the total rock. 
It is distinctly more abundant in these gritty sandstones than in the more 
even grained greywackes. The flakes are commonly crumpled or twisted ; 
and there is a common tendency for calcite to crystallize as lenses in the cleavage 
planes of the flakes, opening them out, and fraying them. Most of the biotite 
is fresh, but occasional grains are bleached. 

Muscovite is not a prominent mineral in the greywackes, but is present 
occasionally as small flakes. 

Quartz becomes more abundant with increasing grain size of the greywackes, 
and is most abundant in the gritty members. This is probably related to the 
relative abundance of fragments of reef quartz, coarse-grained quartzite, and 
granite in these rocks. 

Chlorite occurs as occasional vermiform intergrowths in the quartz, as an 
alteration product of the several ferro-magnesian minerals, and in some speci¬ 
mens as part of the matrix. It is never very abundant, however. Resembling 
it are occasional bright green grains of glauconite(?). Epidote, characteristically 
pleochroic from yellow to colourless, is associated with the chlorite in some 
instances, and is generally associated with altered ferro-magnesian grains, 
principally the hornblende. 

Magnetite and ilmenite occur as minute granules and as sparsely distributed 
cletrital grains. In some, the ilmenite can be seen to occur as a network of 
laths in the cleavage directions of the magnetite. Some grains are quite fresh, 
others show more or less complete alteration to leucoxene. In addition to 
magnetite occurring in this way, there is a considerable proportion of finely 
granular magnetite occurring as rims and pseudomorphs after hornblende 
crystals. 

Apatite occurs as occasional, relatively coarse, grains in most slides, and 
some sections contain an occasional grain of tourmaline. 

Authigenic Minerals 

In addition to the detrital minerals, several authigenic minerals are found 
in varying degree in most of the greywackes. These include calcite, epidote, 
pyrite (or other iron sulphides), and chlorite. 

The calcite is much the most common. It is present in every section, 
generally constituting several per cent of the rock. In the more heavily car¬ 
bonated rock it may constitute more than 15% of the total (Table 4, Analysis 
No. 2). When present in small amounts it shows a preference for replacing the 
calcic piagioclase and the hornblende crystals ; but when present in abun¬ 
dance it replaces a considerable proportion of the matrix. The fresh condition 
ol the rock and the replacing habit of the calcite leave no doubt that it was 
introduced during diagenesis. 

The epidote is a minor constituent of the rocks, and occurs chiefly where 
calcite or chlorite has replaced hornblende, as a product of the replacement. 
It is pleochroic from colourless to lemon yellow, with characteristically high 
polarisation colours. 
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Iron sulphide minerals (pyrite, marcasite and pyrrhotite) have been ob¬ 
served in various thin sections. They tend to replace the groundmass or the 
felspar grains, and usually have very irregular shape. Some grains, from their 
bronzy colour in reflected light, resemble pyrrhotite ; others are greyer, and 
consist of pyrite or, more probably, marcasite. 

Chlorite occurs partly as a replacement of ferromagnesian minerals, and 
partly as irregular interstitial patches in the matrix. This latter chlorite is 
presumed to be of authigenic origin, deposited as a cement material during 
compaction of the rocks. The proportion of it is relatively small compared to 
the proportion of matrix. 

Heavy Mineral Constituents 

The heavy mineral constituents were extracted by suspension of the sized 
fractions of the several specimens in acetylene tetrabromide (tetrabromethane) 
of sp. gr. 2. go, after cleaning by immersion in cold 50% hydrochloric acid, 
which dissolved any carbonate. Treatment of a series of sized fractions from a 
ioo gram sample of UK.2636 (Cupola section, middle greywacke formation) 
showed that the heavy minerals other than hornblende, pyroxene, biotite, 
epidote and chlorite, were concentrated in the 150-200 mesh and 200-300 mesh 
fractions. This was confirmed by a similar examination of the sized fractions 
of UK. 1041; and was to be expected in view of the small size of the heavy 
accessory minerals of most igneous and sedimentary rocks. In the other speci¬ 
mens, examination for heavy minerals was limited to the 150-200 mesh fraction. 
In each case the heavy mineral concentrate was divided into a strongly magnetic 
fraction, a feebly magnetic fraction and a non-magnetic fraction. 1 hese were 
mounted separately. 

The strongly magnetic fractions contained most of the hornblende and iron 
ores, with a proportion of the pyroxene and biotite, and in every sample, a 
little pink garnet. The hornblende and pyroxene fragments were always 
angular, though some showed some sign of water wear. The iron ore grains, 
by contrast, included a number that were well rounded. The garnet occurred 
partly as irregular angular fragments, and partly as water-worn grains, few 
of which, however, were well rounded. There was notably less garnet in the 
two pyroxene-rich greywackes (the Ouka, UK.562, and the Dude, UV.381) 
than in the pyroxene-poor rocks. The fine-grained greywackes (the Beoke, 
UK. 797, and the Murakawarra, UK. 789) appeared to contain most garnet. 
Some samples contained a little tourmaline. 

The feebly magnetic portions consisted chiefly of pyroxene and hornblende, 
with some iron ore, most of the epidote, which was always angular, some 
bleached biotite, and some chlorite. In addition it contained a proportion 0 
the leucoxene, commonly as rounded grains, an occasional grain of tourmaline, 
either blue or brown, and a fragment or two of apatite. 

The non-magnetic fraction contained the plagioclase impurities, some 
pyroxene, hornblende, bleached biotite, epidote—all as angular fragments, 
and in addition zircons, apatites, an occasional tourmaline, an occasions 
rutile grain, and some leucoxene and chlorite. In the finer grained greywacke 
(Beoke, UK.797, and Murakawarra, UK.789) and in the Napere greywacke 
(UK. 1041) there was an abundance of iron sulphides in crystals, irregular 
masses, and globular clusters. Some had the brownish reflection colour 0 
pyrrhotite, and some a yellow reflection colour suggestive of chalcopyn te - 
Most of it, however, was greyish to brassy, suggestive of pyrite or possio} 
marcasite. > _ JR 

Two varieties of zircon were present in each sample, a pink zircon wi 
inclusions, and a colourless zircon with, or without, inclusions. I he pink zircoi 
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almost always occurred as double-ended crystals, or fragments of such, showing 
little or no wear. The colourless zircons, on the contrary, were commonly well 
rounded, and some approached a spherical shape. It can be assumed that the 
waterworn varieties, and especially the more spherical grains, were derived 
from older sediments, and had undergone at least one previous cycle of erosion. 
The pink zircons, however, are probably derived from the andesitic rocks which 
have contributed so largely to the Aure sediments. The relative proportions 
of pink and colourless zircons varied from rock to rock. Both are scarce in the 
pyroxene-rich greywackes (Ouka, UK.562, and Dude, UV.381), and in the 
coarse, gritty greywacke (UK.2623) from the top of the Cupola section, in 
which the pink variety is dominant. As with the garnets, the zircons are most 
abundant in the finer-grained Beoke (UIv.797) and Murakawarra (UK.789) 
greywackes. In these two rocks the colourless zircons greatly outnumber the 
pink zircons, and a large proportion of the colourless zircons arc well rounded 
(more than 50 per cent). In the Napere greywacke (UK.1041) also, the water- 
worn, colourless zircons predominate. In the coarser grained UK.2636, by 
contrast, not more than 25% of the colourless zircons are waterworn. 

It might appear from the distribution of the zircons and garnet that the 
proportion of material derived from older sediments and other non-andesitic 
rocks increases in the finer-sized Aure sediments ; but accessory minerals like 
zircon are always fine-grained and would, therefore, show a tendency to con¬ 
centrate in the finer-grained greywackes, regardless of the distribution of the 
other constituents of the source rocks from which the zircons were derived. 
This tendency is clearly evidenced by the restriction of the zircons and garnets 
to the finer fractions of the rocks. 


Igneous Rock Fragments 

The proportion of igneous rock fragments present varies from only 5% 
for the medium-grained Napere greywackes (UK.1041-1042), up to 30% in 
the gritty greywackes of the Cupola section (UK.2623, 2625), as indicated in 
Table 1. In the finer-grained rocks they consist almost wholly of a variety of 
andesites, and the fragments are, in the main, of a size comparable with the 
coarser free mineral grains (plagioclase and hornblende). In the coarser-grained 
rocks, the igneous fragments are often distinctly larger than the mineral 
grains (Plate XIII, Figs. 5, 6) and include a greater variety of rock types, 
including granite, syenite(?), diorite, basalt (?) and gabbro(?). 

Of the andesite fragments, some are glassy, with only a few microlites, 
others are porphyritic, with stumpy plagioclase phenocrysts and in some cases 
hornblende crystals, set in a pale green glass, which is generally unaltered, 
but in some fragments is devitrified. The majority of the fragments consist of 
zoned phenocrysts of plagioclase (labradorite grading to andesine) and less 
numerous phenocrysts of hornblende, set in an intergranular groundmass of 
felspar laths, iron ore granules, and minute grains of hornblende (Plate XIII, 
iig* 3), or else in a fine granular groundmass of quartz and alkali felspar, 
when they resemble dacites. Others again have phenocrysts of plagioclase 
only, or less commonly of hornblende only, in a micro- to crypto-crystalline 
base. Several varieties of andesite can be distinguished according to the 
nature of the hornblende phenocrysts they contain—those with hornblende 
pleochroic from straw-yellow to brown, those with hornblende pleochroic from 
green to brown, and those with hornblende pleochroic from foxy-red to yellow- 
brown. In many fragments, particularly those with foxy-red hornblende, the 
hornblende phenocrysts are rimmed with magnetite granules ; and in some 
instances only the rims remain as pseudomorphs after the original hornblende 
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crystals, proving that the rims develop as the result of a primary or deuteric 
reaction within the magma. 

Fragments of pyroxene-andesite are in the minority, but occur in the grey- 
wackes relatively rich in pyroxenes, namely, the Dude (UV.381) and Ouka 
(UK.562) greywackes, and in the fine-grained conglomerate or pebbly grey- 
wacke UV.388 from the Dude section. The pyroxene may occur as individual 
phenocrysts, or as glomeroporphyritic clusters. In some fragments such clusters 
of pyroxene crystals occur sporadically through a rock which otherwise con¬ 
sists of plagioclase phenocrysts studded through a microcrystalline base, and 
it would be possible for such a rock to be broken into fragments which would 
give the impression of two distinct rock varieties a labradorite-porphyrite, 
and a pyroxene andesite. Occasionally the pyroxene and plagioclase tend to 
occur together in glomeroporphyritic clots, and such a clot separated from the 
groundmass would appear as a fragment of gabbro. The occasional gabbro(?) 
fragments in the greywackes may be of this character. 

The majority of the andesite fragments are fresh, but in every section some 
of them are weathered, the degree of weathering ranging from cloudiness of the 
groundmass to complete decomposition of the hornblende and felspar pheno¬ 
crysts and, in some instances, staining of the whole fragment with limonite. 
The iron oxide minerals in such weathered fragments are completely altered 
to leucoxene. 

The fragments of igneous rocks other than andesite are relatively uncommon, 
and often cannot be identified with certainty, because the fragments are too 
small to be wholly representative of coarse-grained rocks. Some fragments 
consist of allotriomorphic grains of pyroxene and plagioclase suggesting that 
they are derived from gabbro. 

In UK.2642 a fragment of quartz-dioritc with prismatic green hornblende 
was found, while in UK.2635 occurred fragments of a hornblende-granite 
(granodiorite?), a syenite (or fragment of granite felspar), a fragment of 
hornblendc-gabbro or diorite, and a fragment of amphibolite-like hornblende. 
UK.2636 contained a fragment of severely weathered gabbro-like rock, but 
this may have been a clot of hornblende and plagioclase from one of the ande¬ 
sites. It also contained what appeared to be a fragment of metamorphosed 
granite in which granulation had occurred along the margins of the individual 
quartz and felspar crystals. J 

Fragments of reef quartz occur throughout the series but are more abundant 
and larger in the gritty rocks and in the pebbly conglomerates (UV.3S8) where 
they can be seen in the hand specimens (Plate XII, Fig. 2). 

Sedimentary Rock Fragments 

Under this heading are included sedimentary fragments and fragments of 
met amorphic rocks presumed to be of sedimentary origin. The proportion 01 
such rocks ranges from as little as 1 per cent In the Napcre greywacke to as 
much as 24 per cent, in the gritty sandstones of the Cupola section (Table i)- 
As with the igneous fragments, the sedimentary fragments approximate in 
size to the free mineral grains in the finer-grained greywackes, but are notably 
larger than them in the more gritty rocks. The proportion of sedimentar) 
fragments to igneous fragments varies widely from a ratio of 1 : 13 to 10 . 9 > 
the higher ratios being found in the gritty sandstones of the Cupola section 
(Table 1). . . 

The rock types represented consist of shales and mudstones, occasional y 
with enclosed foraminifera closely resembling those found free in the greywackes, 
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quartzites, coarse-grained and fine-grained, grading into cherts, red jasper, 
chlorite-quartz schists, quartz-sillimanite schist (one fragment only) (UK.2642), 
a fragment of fibrous green actinolite in quartz (UK.559) biotite-quartz schist 
or biotite hornfels, sandstone, sometimes with a tendency to ‘ augen ’ structure, 
a distinctive graphitic quartz schist, with pronounced foliation and often some¬ 
what crumpled, and an occasional fragment of muscovite-schist. The graphitic- 
quartz schist, and some of the sandstones, which contain graphite, and have 
undergone a degree of metamorphism, as indicated by the elongation of the 
quartz grains, bear a considerable resemblance to the few specimens of schists 
from the Kaindi Series (Mesozoic) available for study. 

One small fragment of a garnet-quartz rock was observed in UK.2623 and 
a (?) chiastolite slate in UK.560. 

Grain Shape 

The free mineral grains are highly angular, often with projecting corners 
(Plate XIII, Figs. 1-4). The felspars tend towards a prismatic form, often 
truncated by a fracture, and are clearly derived from intratelluric crystals 
(phenocrysts) of andesitic magmas (Plate XIII, Fig. 2). In the more prismatic 
forms the long axis is about 1*5 times the length of the short axis, but the ratio 
ranges up to 6*0 in some fragments. 

The hornblende fragments are angular to prismatic, or hexagonal, according 
to the degree that they have been fractured or resorbed in the magma prior 
to extrusion. They are clearly derived from the intratelluric crystals of the 
andesitic magmas represented by the fragments of andesite. The pyroxenes 
rarely preserve a crystal outline, and show a more spheroidal, though angular, 
shape with the long and short axes approximating to one another. 

The rock fragments, on the contrary, are nearly always well rounded, 
although they often depart widely from sphericity. The andesitic fragments 
show a closer approach to spherical shape (Plate XIII, Figs. 2, 3) than the more 
schistose fragments, but the presence in them of large plagioclase phenocrysts 
provides cleavage directions of ready fracture, which in some instances have 
influenced the shape of the fragment and given it an irregular or elongated form. 

The schist fragments, and particularly the graphitic schist, are well rounded, 
but distinctly elongated parallel to the plane of schistosity (Plate XIII, Figs. 
4, 5) and tend to lie with their long axes parallel to the bedding of the rock. 
In general tins long axis is 2 to 4 times as great as the short axis, as seen in 
thin section. When broken out of the rock a number of the coarser schist 
fragments tend to be irregular, platy fragments, with a smooth and sometimes 
polished surface. 

Quartzite fragments and grains of reef quartz tend to a more spheroidal 
shape, with long and short axes approaching each other. A number of the 
grains are rounded at the corners, but as many are angular or subangular 
(Plate XIII, Fig. 6). 

The difference in form of the free grains as compared with the rock fragments 
is td be attributed to the strong cleavages of the mineral grains as compared 
with the rock fragments. Most of the mineral grains possess one or more cleavage 
directions running the whole length of the grain, whereas in the rock fragments, 
even the most highly schistose, the fine-grained composite texture of the rocks 
makes for directed attrition rather than fracture along a plane of schistosity. 
The quartzite fragments, and particularly the reef quartz fragments, tend to 
coarser granular texture, without schistosity, and so undergo random attrition. 
Ihis is in keeping with Fischer's (1933) observations on the components of 
kuropean greywackes. The relation may be expressed as follows. 
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Component 

Shape 

A ngularity 



length : 

breadth 


Felspar 

2 

: 1 

angular 


Hornblende 

2 : 1 

angular 


Pyroxene 

1 

: 1 

angular 


Biotite 

3 : 1 

angular 


Quartz 

1 

: 1 

angular 


Andesites 

i- 5 :i 

sub-angular to rounded 


Reef Quartz 

Schists 

1- 2:1 

2- 7 : 1 

sub-angular 

rounded 


Grain Size and Degree of Sorting 

Although friable, the majority of the specimens could not be broken down 
easily into their discrete grains. The finer-grained sediments were disintegrated 
by first cracking a block of the rock into fragments about i-o cm. across, with 
a chisel hammer, and then repeatedly boiling the fragments in water. Such 
fragments as did not yield then, on pressing with the fingers, were disintegrated 
by gentle rolling of the water-saturated fragments with a glass roller on an 
iron plate. 

The coarser-grained and ill-sorted greywackes were first broken into rather 
larger fragments, and subjected to similar treatment except that the use of the 
glass roller was omitted. The few calcified composite fragments that resisted 
disintegration between the fingers were separated from the sand and broken 
down by pressure with the flat face of a hammer. Care was taken not to crush 
the coarser homogeneous particles. 

1 he samples were then supplied in pulp form to the Melbourne Ore Dressing 
Laboratory, where they were treated with wetting agents and rolled in bottles 
for 24 hours, The wetting reagents used were : 


Samples UK. 2636 
UV.381 

UK.797 

UK.562 
UK.789 
UK.2623 
UK.1041 
UK. 1040 


Aerosol (Amer. Cyan. Co.) 
do. 

Terminal W.A. (I.C.I.) 
do. 

Sodium silicate 
do. 

Aerosol (Amer. Cyan. Co.) 
do. 


1 hey were then wet-screened on a 300-mesh screen (British Standard) and 
the oversize was dried and dry-screened on all screens over 300-mesh. Much 
of the -300 mesh fraction was finely dispersed, and to facilitate settlement and 
collection a flocculating agent was added (less than 0-4 gram, of which about 
half could be expected to precipitate with the dispersed fraction). 

Eight samples were sized, the samples being selected so as to represent both 
the full range in grain size of the rocks that could be described as sandstones 
or gritty sandstones, and each of the main sandstone horizons of the three field 
sections represented in the collection. The results obtained are set out in Table 2 
and reveal the uniformly ill-sorted character of the greywackes. 


Specific Gravities 

1 he specific gravities of a series of eight specimens, all but one corresponding 
to those sized, are given in Table 3. The determinations were made on powdered 
rock in a pycnometer, using 20 gram samples, taken from specimens used in the 
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porosity tests described below, after they had been dried at iio°C. The powders 
were immersed in distilled water at io°C in the pycnometer, and then evacuated 
with a hand pump until no renewed emission of bubbles could be detected on 
further reduction of the pressure. If compared with the proportions of matrix 
in the respective rocks (Table 1) it will be seen that the specific gravity decreases 
as the percentage of matrix increases. 


Table 3 

Specific Gravities, Adsorption Ratios and Porosities of Aure Greywackes 


Rock 

Specific 
Gravity 
(Samples 
dried at 
no°C.) 

Adsorp¬ 

tion 

Ratio 

Porosity 
(dried at 
iio°C.) 

% 

‘Effective 
Porosity ’ 
(natural air- 
dried condi¬ 
tion) % 

Remarks 

UK. 789 
Murakawarra 
sandstone 

2-501 

M -5 

26-6 

16-2 

friable, fine-grained 

UK.797 

Beoke sandstones 

UK.562 

Ouka sandstone 

UK. 1042 

Napere sandstone 

2-452 

2-546 

2-411 

9-23 

9-0 

20-36 

i8 ’47 

i8-6 

32-93 

6-o 

scaled and collapsed in 
water. Resembles 
UV.38 i, UK.562 

compact medium¬ 
grained 

friable, medium-grain¬ 
ed : fine cracks opened 
on immersion : por¬ 
tion of block collapsed 

UK.2623 

Upper sandstone, 
Cupola section 

2-625 

10-9 

22-3 

1 8*5 

friable, gritty 

UK. 2636 

Middle sandstone, 
Cupola section 

2-597 

10-3 

21 -1 

11-7 

mediu 111-grained 

UK,2642 

Lower sandstone, 
Cupola section 

2-613 

3 -o 

7’3 

3-2 

calcified, gritty 

UV.381 

Dude section 

2-57! 

7-2 

15-7 

5 1 

compact, medium¬ 
grained 


Porosities 

The ratios of absorption and the porosities of the same eight specimens 
are also given in Table 3. In making these determinations, cuboid blocks of the 
naturally air-dried specimens were broken out of the specimens with a cold 
chisel and weighed. The individual blocks weighed between 150 grams and 320 
grams. They were then immersed in cold distilled water and evacuated with a 
hand pump until no further emission of bubbles could be detected. The partial 
vacuum was maintained for one hour, after which the specimens were left 
immersed at atmospheric pressure for 10 days. The surfaces were then ‘ blotted 
with a dry towel, and the blocks weighed, after which they were dried in an 
air oven at iio°C to constant weight. 
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The high porosity recorded for UK. 1042 is due partly to the fact that this 
specimen developed several fine cracks while immersed. Apart from this, 
however, there is reason to believe that the porosities as measured are in excess 
of what might be called the ( effective porosity 7 of the rocks in their natural 
state. Thus every specimen weighed less after air-drying at iro°C than in 
its natural air-dried state. In two of the specimens this arose partly from 
scaling and collapse of portions of the blocks during immersion, but the other 
specimens underwent little or no disintegration. Presumably, therefore, this 
loss in weight arose from a drying out, and shrinkage, of the clay minerals in 
the matrix of the rock when dried at no°C. 

The porosities were recalculated, therefore, for the six specimens which 
showed little or no disintegration on immersion, using their weights after 
immersion, and their weights in a natural air-dried state, prior to immersion, 
instead of their weights after drying at no°C subsequent to immersion. The 
values obtained are entered in Table 3 as ‘ effective porosities.’ In calculating 
these values the specific gravities used were those of the specimens dried at 
iio°C, so that some error is introduced here. Since even with air-drying some 
of the clay moisture must have been lost, it is likely that the effective porosities 
of the rocks in situ would be still lower than these values. 

Several of the specimens, namely, UK.789, UK.2623 and UK.2636, had 
iron-stained margins. The test blocks were cut so as to exclude these stained 
margins, but it is possible that the weathering processes that introduced the 
iron affected the remaining portions, though not sufficiently to be apparent 
in thin sections. Some change in apparent porosity might have resulted, 
however. 

The low porosity of UK.2642 is a reflection of the abundant carbonate 
cement in this rock. 


Chemical Analyses 

Chemical analyses of the rocks confirm their unusual composition. Three 
analyses have been made, one of a calcareous gritty greywacke (UK.2642) from 
the Cupola section, one of a typical medium grained greywacke from the 
Napere sandstone (UK.1042), and one of a composite sample of mudstone 
from three specimens (UK.541, 546, 552) from a horizon between the Beoke 
and the Ouka sandstones in the Napere Creek section. The analyses were made 
by Messrs. Avery and Anderson, analytical chemists, and are set out in Table 4, 
where they are compared with various analyses of greywacke and arkose from 
other regions. 

The outstanding features of the Aure rocks are their uniformly low Si 0 2 , 
high MgO and low K 2 0 contents. Moreover, they are surprisingly similar in 
general composition, despite the great range in size of the constituent particles 
of the three rocks. The resemblance between the mudstone analysis and that 
of the greywacke UK. 1042 is surprisingly close. 

The composition of the three rocks in terms of their mineral content is 
masked somewhat by the abundance of calcite in them, present partly as 
diagenetic calcite, partly as tests of foraminifera. When the analyses are 
recalculated so as to cxlude CaC 0 3 and hygroscopic water, certain differences 
between them emerge. These correspond with the petrological characters of 
the three rocks. Firstly, it is apparent that the allogenic rock material corres¬ 
ponds closely to the composition of average andesite (Table 5), confirming 
the impression gained from the thin sections, that the bulk of the rocks is 
derived either from andesitic lavas, or from andesitic tuffs. The gritty grey¬ 
wacke UK.2642 has a distinctly higher Si 0 2 content and a lower A 1 2 0 3 and 
Ti 0 2 content than the finer-grained UK. 1042 on this new basis. This befits 
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Table 4 

Chemical Composition of the Aure Greywackes and Mudstones 
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UK.1042 

UK.2642 

UK.541, 
546 , 552 

Archaean 
Grey¬ 
wacke 
(av. of 3) 

Francis¬ 
can Grey¬ 
wacke 
(av. of 3) 

Arkose 
(Victorian 
Jurassic) 
(av. of 3) 

Arkose 

(Triassic) 

Si 0 2 .. 

53 GO 

52-34 

52-36 

62*40 

69*69 

61 *98 

69*94 

A 1 2 0 3 .. 

18-33 

12-44 

15-83 

15*20 

I 3"53 

16*89 

I 3 -I 5 

Fe 2 0 3 • • 

2-41 

1*23 

1 *96 

o -57 

o *74 

i*68 

2*48 

FeO .. 

2-36 

3*02 

3-74 

4-61 

3 * 10 

3-56 

— 

MgO . . 

2*62 

2-54 

3*00 

3-52 

2*00 

1*92 

tr. 

CaO . . 

5-88 

12*80 

5 - 9 i 

4-59 

i -95 

2*23 

3-°9 

Na 2 0 .. 

2*18 

2*04 

2 • 18 

2*68 

4*21 

3*00 

5-43 

K 2 0 .. 

172 

1-56 

1*50 

2-57 

1*71 

1*65 

3-30 

H 2 0 above 105 °C 

3-14 

0*96 

3*62 

1*56 

2*08 

3'37 


H 2 0 below io5°C 

5'74 

1*31 

5*08 

0*07 

0*26 

2-34 

j> I *OI 

C 0 2 

1 *oo 

8*78 

3-34 

1*30 

0*23 

0*58 

— 

Ti 0 2 .. 

0-84 

0*62 

0*91 

0*50 

0*40 

o*68 

— 

PA .. 

0-28 

0*19 

0*24 

— 

0*10 

0*22 

— 

MnO .. 

0*08 

0*23 

0*08 

— 

0*01 

0*13 

0*70 

S0 3 .. 

0*08 

tr. 

0*04 

— 

— 


— 

Cl 

0-03 

0*03 

0*03 

— 

— 

— 

— 


99-99 

100*09 

99-82 

99*57 

100*01 

100*23 

99*10 


UK. 1042 Medium-grained greywacke, Napere sandstone, Napere Creek section. 
UK.2642 Gritty greywacke, lower sandstone, Cupola section. 

UK.541, 546, 552 Composite samples of mudstone from between the Beoke and 
Ouka sandstone horizons, Napere Creek Section. 

Analyst : Avery and Anderson. 


Table 5 

Composition of Aure Greywackes and Mudstone Calculated free of CaC0 3 and 
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the notable number of pellets of graphitic schist and quartzite contained in it. 
The higher MnO and the unchanged MgO contents (relative to the other two 
rocks) is probably due to some introduction of MnC 0 3 and MgCO s during dia¬ 
genesis, for which no allowance can be made in calculating the results on a 
carbonate-free basis. The slightly higher CaO, Na 2 0 and K 2 0 contents as 
compared with UK.1042 argues a slightly higher overall felspar content in 
UK.2642 as compared with UK. 1042, despite the much greater proportion of 
free felspar grains in UK. 1042 (Table 1). The ratio CaO : Na 2 0 and the ratio 
Na 2 0 : KoO vary only slightly for both rocks, which supports this contention. 
The extra felspar in UK.2642 is supplied presumably by the igneous rock 
fragments. 

The mudstone, like UK.2642, is slightly higher in Si 0 2 and poorer in A 1 2 0 3 
than the medium-grained greywacke UK. 1042, It is also somewhat richer in 
MgO, but is distinctly poorer in CaO than UK. 1042. The CaO : Na 2 0 is only 
1*3 as against 2-3 for the two greywackes, indicating that much less plagioclase 
felspar went to the make up of the mudstones, or else that the plagioclase and 
hornblende in these rocks have been more completely replaced by calcium 
carbonate than in the coarser grained rocks. The Na 2 0 : K 2 0 ratio, by contrast, 
is not significantly different from that of the greywackes. Since the K 2 0 of 
the original andesites would reside chiefly in their groundmasses, as would much 
of the Na 2 0, there is a suggestion that the greywackes are built largely from 
the phenocrystic elements of a series of andesites or andesite tuffs, an inter¬ 
pretation supported by their appearance in thin section, whereas the mudstones 
appear to be formed chiefly from the groundmass constituents of the source 
rocks. The higher silica and lower alumina of the mudstone may indicate a 
degree of admixture with fine quartz from ground-up shales or graphitic 
schist of the terrain, or may simply mark the somewhat more acidic composition 
of the andesite groundmass as compared with the phenocrysts. 

It is also apparent that the matrix of the greywackes which constitutes 
up to 60 per cent of the rock by micrometric analysis, and not less than 30 
per cent by the sizing analyses, must be closely similar in composition to the 
mudstone, or else the analyses of the three rocks would show greater divergence. 
In other words, the matrix of the greywackes is “ occluded’ mudstone, and is 
a primary matrix, not a product of infiltration during compaction and lithi- 
fication. This accords with the petrographic evidence, and with the results 
of the sizing analyses. 

The other fact emerging from the analyses is the small amount of material 
that could have been contributed by rocks other than andesites or andesitic 
tuffs. It is particularly apparent that fine-grained sediments of the normal 
type, that is, shales or mudstones relatively rich in potash, were not exposed 
to any great extent in the terrain supplying the detritus. Had such sediments 
contributed to the Aure rocks, their contribution would have been marked by 
a distinct increase in the K 2 0 content of the mudstones relative to the grey¬ 
wackes, such as was found for example in the mudstones associated with thick 
arkose formations in the Jurassic of Victoria (Edwards and Baker, 1943 )- 
These were derived from a terrain consisting chiefly of granitic and dacitic 
rocks on the one hand, and Palaeozoic sandstones and mudstones (carrying up 
to 5*o% K 2 0 ) on the other hand. The granitic debris was concentrated in the 
arkoses, whereas the mudstone debris was concentrated in the Jurassic mud¬ 
stones, rendering them distinctly richer in potash than the arkoses. 

There is a distinct possibility, however, that a proportion of the sedimen¬ 
tary rocks exposed in the Papuan terrain were older greywackes, not greatly 
different in composition from the rocks under discussion. 
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Origin of the Greywacke 

It is clear that the greywackes were derived from predominantly andesitic 
rocks, although the consistent occurrence of grains and pebbles of rocks such 
as graphitic schist, mica schists, quartzites, jaspers and shales, particularly in 
the coarser-grained members, establishes that rocks of this nature were exposed 
in the Miocene terrain. So also the occurrence of occasional pebbles and cobbles 
of granite, syenite, quartz diorite, hornfels and reef quartz establishes the pre¬ 
sence of rocks of these types in the terrain, while the occurrence of rounded 
pebbles and cobbles of andesites establishes the presence of andesite lava 
flows. It seems probable, however, that the bulk of the sediments were derived 
from andesitic tuffs, rather than from lava flows. The felspar and ferromag- 
nesian grains in the greywackes closely resemble the plagioclase and ferromag- 
nesian phenocrysts of the andesitic lavas, as represented by the igneous frag¬ 
ments in the greywackes, but if they were derived from lava flows it is necessary 
to picture the erosion of the andesites operating so as to free the felspar and 
hornblende phenocrysts without permitting them to weather. Such a process 
is difficult to visualise in a tropical region where, under present conditions, 
all rock above ground water level is deeply weathered, in striking contrast to 
the rocks at or below the water table, which are preserved in a perfectly fresh 
state. Erosion of massive rocks under such conditions would be most unlikely 
to yield coarse grains of fresh plagioclase and hornblende ; and such evidence 
as is avilable suggests that the climate prevailing in New Guinea in the Miocene 
was little different from that prevailing at present. Abundant rainfall is in¬ 
dicated by the abundance of wood fragments in the sediments. The presence 
of a tropical turtle (Careitochelys) points to a warm, if not tropical, climate, 
and this finds some support in the occurrence of corals, despite the unfavourable 
conditions for their growth that would attend rapid deposition. Relatively 
unconsolidated tuffs, however, would be subject to rapid erosion, and felspar 
phenocrysts in the tuff fragments would be freed readily by attrition of the 
small, perhaps incoherent, fragments during transport, if they did not occur 
free originally, as in crystal tuff. 

This raises the possibility that the greywackes are simply marine tuffs, 
deposited in situ, by showers of ash from a series of contemporary island vol¬ 
canoes, such as now enclose the Bismarck Sea. A number of features of the 
rock are, however, opposed to such an interpretation. 

The poor sorting and the graded bedding which characterize the sediments 
can only indicate a continuous addition of sediments to a region of still and 
moderately deep water (within the limits of the neritic zone). Settling of sedi¬ 
ment in still water would lead to excellent sorting if the addition of sediment 
was pulsatory or spasmodic. With continual addition, however, slow settling 
clays or other fine materials would be intermingled with faster settling coarser 
material added later. Any interruption in the addition of coarse sediment 
would result in the development of a horizon of mudstone. If sedimentation 
was completely arrested, then on renewal of sedimentation, a horizon of well- 
sorted grit or sandstone might well develop immediately above the mudstone 
horizon. No such well-sorted sandstone horizons have been noted in the course 
of exploration of this part of Papua ; and it may be assumed that they are not 
common, if they occur at all. It is concluded, therefore, that sedimentation 
proceeded by a continuous addition of mud or clay, with an intermittent ad¬ 
dition of coarser material—sand, grit, pebbles and cobbles—to the basin of 
deposition. Weak bottom currents played some part in the accumulation of 
the beds of sandy shale or mudstone, since these rocks frequently exhibit 
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fine current bedding. Presumably such currents as operated were too weak 
to move sandstone grains, but were strong enough to move fine particles to 
some degree and so aid their local accumulation. 

In the light of this, the composition of the mudstones—their obvious deriva¬ 
tion from andesitic material—is significant. It seems improbable that several 
thousands of feet of tuff would be deposited over an area some hundreds of 
square miles in extent without repeated interruptions in volcanic activity. 
Moreover, the consistent occurrence of wood fragments along bedding planes 
would argue some interruptions in sedimentation. During periods of quiescence, 
erosion would continue on the adjacent land surface, and might be expected to 
yield detritus of different composition to the greywackes -either normal potassic 
mudstones or arenaceous sandstones. Neither rock types have been detected, 
though it must be admitted that the study of the mudstones has been very 
limited. If, however, the land surface was largely blanketed with andesitic 
tuffs, the variations introduced by periods of volcanic quiescence would be 
negligible. It may be noted, in this connection, that Mr. Montgomery, of the 
Australasian Petroleum Company, considers that he can detect fluctuations in 
the relative'proportions of heavy minerals of sedimentary origin and andesitic 
origin in different horizons of greywackes in the Maropa section of the Aure 
trough (personal communication). How far these fluctuations are significant 
may be questioned in view of the variations of heavy mineral content with 
grain size of the rock noted herein. 

The poor sorting of the sediments argues against their deposition as in 
situ tuffs in that the combined action of aerial and water sorting, coupled with 
periodic vulcanicitv, should give rise to well-sorted sediments. The efficacy of 
aerial sorting is indicated by Wentworth’s (1928) studies of tuffs at Oahu, 
where lie found that a high degree of sorting of sand size grains was developed 
in tuffs that fell only several thousands of feet from their source. Moreover, 
it seems unlikely that large quantities of coarse and tine material would nor¬ 
mally be projected equally over the distances involved in the Aure trough. 

Another feature of the rocks at variance with the idea that they are marine 
tuffs deposited in situ is the highly assorted variety of rock fragments present 
in them. Successive showers of tuff from a particular volcano would be expected 
to contain a limited variety of andesites, if not only one variety, and a limited 
variety of extraneous rock fragments (accidental fragments) derived from the 
terrain through which the volcano erupted. Yet nearly every thin section 
contains three to six varieties of andesite fragments and several varieties of 
sedimentary rock fragment. It is true that certain greywaeke formations (the 
Ouka sandstone, and the Dude sandstone) are characterized by an abundance 
of pyroxenes, not found in other greywackes examined, and also by fragments 
of pyroxene andesite, indicating that they were derived either from tuffs 
which included a high proportion of pyroxene-andesite tuff, or from volcanoes 
containing pyroxene-andesite magma ; but these greywackes also contain the 
same varieties of hornblende andesite and sedimentary rocks found in the 
other greywaeke formations. 

The grain shape of the rock fragments also is significant. The andesite 
fragments, and in particular the sedimentary fragments (schists), are mostly 
well-rounded fragments. If they were simply accidental material torn up from 
the terrain during a volcanic outburst, it might be expected that a high propor¬ 
tion of such fragments would be angular. The fact that they are so well rounded 
suggests attrition during transport, presumably in running water. The angu¬ 
larity of the free mineral grains can be attributed to their splitting along their 
prominent cleavages during vigorous transport by running water. If they were 
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simply erupted from a volcano into water, a higher proportion of them might 
be expected to retain their crystal outline. 

Yet another feature favouring derivation by normal erosion processes from 
previously deposited terriginous tuffs is the constant presence, in every slide, 
of a proportion of weathered mineral grains and rock fragments, which, in 
view of the unweathered state of the greywackes, were weathered before de¬ 
position. Such weathering could be attributed to weathering of tuff surrounding 
a volcanic cone, with re-eruption of the cone material in later outbursts; but 
such a sequence of events might be expected to give rise to weathered fragments 
and grains in localized greywacke formations, and not throughout the series 
as a whole. 

The distribution of the gritty or pebbly greywackes is also difficult to account 
for if the sediments are regarded as original tuffs. These coarser grained rocks 
occur both as thick beds, and as isolated pockets with a volume of only a cubic 
yard of so, in otherwise pebble-free greywacke. It has been suggested that the 
isolated pockets owe their pebbles to material carried down attached to up¬ 
rooted trees, whereas the thick beds mark floods. If the rocks are thought of 
as tuffs, the isolated pockets of ill-sorted pebbles, which include a highly mixed 
assortment of rock types, are difficult to explain. 

For these various reasons it is concluded that, though a portion of the 
sediment may have been added as air-borne volcanic tuff, the bulk of it has been 
derived from the rapid erosion of relatively unconsolidated terriginous andesitic 
tuffs, with thin intercalated andesite lava flows. The tuffs are pictured, more¬ 
over, as blanketing the earlier terrain to such an extent that little of the base¬ 
ment complex was exposed to erosion. There is also a possibility that a pro¬ 
portion of the sediments forming the basement complex were older greywackes, 
or tuffs, not greatly different in composition from those under discussion 
(Carey, 1945). 

Conditions of Deposition 

The abundance of woody fragments point to deposition relatively close to 
a land margin, while the great thickness of sediments involved indicates either 
deposition in deep water, or in an area with a subsiding floor. I he occasional 
presence of shell beds and corals suggests the latter. The graded bedding in¬ 
dicates that the sediments were deposited in still water, free from all but weak 
bottom currents over most of the area, and that the addition of sediment was 
in some degree periodic or intermittent, as regards the supply of coarse detritus. 
The addition of line detritus, however, appears to have been continuous. Such 
variations presumably reflect some seasonal variation in the run-off of the 
rivers bringing sediment to the basin of deposition. 

The unstable character of the chief constituents of the sediments points 
to rapid erosion, while the angular nature of the mineral grains suggests vigorous 
transport. The relatively coarse size of the felspar grains—that is, when com¬ 
pared to the phenocrysts in the andesites—suggests that the transport distance 
was short. The absence of weathering in the rocks as a whole is attributed 
simply to their deposition in water, which would effectively seal them from 
chemical weathering, other than such diagenetic processes as carbonatisation, 
which has operated freely. The development of iron sulphides in a number of 
the rocks can be attributed to the decomposition of the enclosed foraminifera. 
The lack of sorting implies that the sediments were discharged after a short 
journey, directly into moderately deep (within the limits of the neritic zone), 
still water. Presumably, therefore, the sediment was derived from a mountain¬ 
ous, forested region, traversed by short, vigorous rivers, not greatly different 
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in aspect from the mountainous parts of present-day New Guinea. The climate 
was warm or tropical, and the rainfall abundant. 

Nomenclature 

It is now appropriate to discuss the classification of the Aure sediments. 
In classifying sedimentary rocks it is essential to distinguish between the 
processes of sedimentation, which are universal factors, in that whenever and 
wherever they operate, they tend to produce the same class of sedimentary 
rock, and regional factors, such as the composition, hardness or grain size of 
the rocks on which the sedimentary processes operate, which are fortuitous, 
and which tend only to introduce modifications within the class of sediments 
produced. The name given to a sediment should imply a manner of attrition, 
a degree of attrition, a mode of transport, and a mode of deposition. The term 
tuff is an excellent example, in that it implies all these factors of process and 
is independent of such fortuitous factors as the composition of the resultant 
sediment or of the source rock. These, being closely linked, can be expressed 
by a modifying term, as andesitic-tuft. By contrast, the term arkose, with 
its emphasis on the mineral composition of the source rock and the resultant 
sediment, is much less satisfactory, in that arkose as commonly defined (Went¬ 
worth, 1932) gives a vague and confused picture of the conditions attending the 
formation of such rocks and puts undue stress on the importance of extremes 
of climate, 

The importance of processes of sedimentation as a basis for classification 
of sediments is particularly apparent in naming the Aure sediments. If they 
are simply volcanic ash projected into the sea, they are a variety of tuff. 
Wentworth and Williams (1932) define the term tuff as indicating ‘ compacted 
fine volcanic ashes and dust, whether pure or admixed with sediment. Should 
the amount of sediment exceed that of volcanic ejecta, such terms as tuffaceous 
sand, tuffaceous day and tuffaceous sandstone may be used ; if the reverse 
should be the case, such terms as sandy tuff, clayey tuff—the less important 
constituent always being used adjectivally.’ Tuffaceous sandstone, so defined, 
refers to a particular variety of the class of sediments embraced by the older 
term tuffite , introduced by Mugge (1893) to indicate a sediment composed of 
an admixture of volcanic ash and material of non-volcanie origin. Bailey (1926) 
however, defines tuffaceous sandstone as an epiclastic volcanic cock, composed 
of volcanic material wholly or in part, which has been transported and 
redeposited by water, provided its constituent grains lie chiefly between 
the sizing range of 0-05 to 0*5 mm. It will be clear that if the Aure sediments 
are regarded as pyroclastics, the use of the term tuffaceous sandstone, whether 
in the sense of Wentworth and Williams, or that of Bailey, is a misnomer, and 
should be discontinued. If a more precise name than tuff is required, to indicate 
deposition in the sea, the term sedimentary tuff might be employed. This 
term is suggested by Wentworth and Williams (1932) for a ‘tuft containing a 
subordinate amount of sediment introduced either during or after deposition.’ 
This may be intended to imply deposition in water, but the definition is not 
specific on this point. Twenhofel (1932) recognises as sediments ‘ the material 
ejected from volcanoes ... if their temperatures at the time of deposition 
are sufficiently low not to be important factors in consolidation.’ Moreover, 
he accepts air as a medium in which sedimentation may operate. The more 
precise, older definition of Walther and Schirlitz (1886) is to be preferred. 
They define the term (sediment-tuffe) as meaning tuffaceous material pro¬ 
jected into water from subaerial volcanoes and there admixed with sediment, in 
contradistinction to trocken-tuffe , laid down subaerially, wasser-tuffe, resulting 
from eruptions under water, and transport-tuffe laid down on land, and ( 
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later removed and redeposited by running water (tuffaceous sandstone of 
Bailey). A more complete description would be afforded by the compound 
term marine andesitic tuff (as distinct from submarine tuffs for the equivalent 
of wasser-tuffe). 

If, however, as suggested in the previous section, the Aure sediments 
were formed by the erosion of tuff that had been previously deposited on a 
land surface, the basis for nomenclature is changed. The rocks could be called 
tuffite, trail sport-tuffe, or tuffaceous sandstone (in the sense of Bailey), but 
such terms emphasize the nature of the source rock at the expense of the 
processes of sedimentation, which are virtually ignored. 

If the emphasis is placed on the processes of sedimentation, then the con¬ 
ditions attending deposition, the abundance of fresh angular fragments of 
chemically unstable minerals, and the extremely ill-sorted character of the 
sediments, establish that the Aure sediments belong to the class of sediments 
that has been described by Fischer (1933) as * poured-in ’ sediments ( Einschutt 
sedimente ). 

The characteristic rock of this group of sediments with a grain size com¬ 
parable to that of the Aure sediments is the greywacke. Some disagreement 
exists as to the precise meaning of this term. Thus Wentworth (1932), following 
Fay (1920), defines a greywacke as : 

‘ a variety of sandstone composed of material derived from the disinte¬ 
gration of basic igneous rocks of granular texture . . . (and containing) 

. . . abundant grains of biotite, hornblende, magnetite, etc. ... (It is) 
the ferromagnesian equivalent of arkose.’ 

Twenhofel (1939) also, is of this view : 

‘ greywacke is defined as the basic equivalent of an arkose, and is com¬ 
posed of little decomposed particles derived from basic igneous rocks and 
their met amorphic equivalents, thus having a large content of ferro¬ 
magnesian minerals.’ 

More recently, Pettijohn (1943) has reviewed chronologically the numerous 
descriptions of greywackes since the introduction of the term in 1808, and 
emphasises the fact that the definition of greywacke as ‘ a basic equivalent of 
arkose ’ does not fit any of the many greywackes described by field workers 
in the past 150 years. He shows, moreover, that greywacke, as originally 
defined, connotes a distinct type of sandstone, of world-wide occurrence, 
characterized by the following features : 

' (1) large detrital quartz and felspar (“ phenocrysts ”) set in (2) a prominent 
to dominant “ clay 0 matrix (and hence absence of infiltration or mineral 
cement) which may on low-grade metamorphism (diagenesis) be converted 
to chlorite and sericite and partially replaced by carbonate, (3) a dark colour 
(4) generally tough and well indurated, (5) extreme angularity of the 
detrital components (microbreccia), (6) the presence in smaller or larger 
quantities of rock fragments, mainly chert, quartzite, slate or phyllite, 
(7) certain macroscopic structures (graded bedding, intraformational 
conglomerates of shale or slate chips, slip bedding, etc.), and (8) certain 
rock associations (as with greenstones) 

The close resemblance of the Aure sediments to such a sandstone will be 
apparent. 

Pettijohn emphasises the association of graded bedding with greywackes, 
and the absence of current bedding and ripple-marking in them ; and he re¬ 
lates. this characteristic to the conditions under which they are deposited, 
quoting Bailey (1930, 1936) as to the significance of graded bedding ; 
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1 current-bedding and graded-bedding are the distinguishing marks of 
two different sandstone facies. Current-bedded sandstones are obviously 
the products of bottom currents. Graded-bedded sediments are the 
products of settling though comparatively still bottom water, which 
allows sand and mud to accumulate in one and the same locality, though 
with a lag on the part of the mud, determined by its finer texture . , . 
Thus current-bedded sandstones belong to relatively shallow water (or 
to the air), and graded-bedded sandstones belong to relatively deep water.’ 

In his emphasis on lack of sorting as a characteristic of greywackes, Petti- 
john follows Fischer (1933). Fischer suggests that there are two main classes 
of sediments (a) sandstones, with adequate sorting and (b) wackes, with little 
or no sorting ; and he suggests division of the wacke class into clay-wackes, 
sand-wackes and gravel-wackcs, etc., to cover range in grain size. Fischer 
considers that sediments of the wacke class are indicative of a special tectonic 
environment attending periods of orogenesis. He notes also that the components 
of sediments are of two chief types, stable components, such as quartz, rutile, 
zircon, which resist chemical weathering, and labile components, such as 
felspar, hornblendes, pyroxenes, which are subject to chemical weathering; 
and according to the proportion of stable and labile components present, he 
further subdivides wackes as follows :— 


more than 90% stable 
90%-66% stable 
less than 66% stable 


- quartz-wacke 

- quartz-meng-wacke 

- meng-wacke 


Since the most common labile component of sediments is felspar, the existing 
term grey wacke seems adequate to describe both quartz-meng-wackes and ! 
meng-wackes ; the new term quartz-wacke seems desirable, however, for the 
purely arenaceous members of the wacke class. 

It will be clear that, with the origin ascribed to them in the previous section, 1 
the Aure sediments are greywackes in the sense of Pettijolm and Fischer, which 
is accepted here as the correct interpretation of the term, and that they con¬ 
stitute meng-wacke in the special sense of Fischer. They range in grain size 1 
from meng-clay-wackes to meng-gravel-wackes, with meng-sand-wackes 
(greywackes) prevailing. . 1 

The obvious derivation of the Aure greywackes from tuffs makes them , 
appear abnormal, but there is a possibility that many greywackes owe some 
of their features to the presence of relatively unconsolidated tuffs in the terrain 1 
from which their components were drawn. Pettijohn and others have em- ! 
phasised the frequent association of the older greywackes with greenstones, , 
and it seems possible that the labile components of such greywackes might 
have been derived from the rapid erosion of tuffs associated with the green¬ 
stones. If this should prove correct, then the Aure greywackes are unusual . 
only in that they consist of rather more material derived from tuffs, and less 
material derived from non-volcanic sediments and other rocks than is usual. \ 
This is a purely regional and fortuitous difference. 

It is perhaps convenient to consider here the differences between greywacke | 
and arkose. Pettijohn draws two distinctions : 

(a) greywackes are characteristically graded-bedded; arkoses are charac- 1 
teristicallv current-bedded. On Bailey's view, these are the distinguishing 
features of deep and shallow-water sediments, respectively. 

(b) greywackes have a primary clay matrix whereas the matrix of arkoses 
is a secondary cement, resulting from infiltration during diagenesis. This means \ 
that the lack of sorting in arkoses is more apparent than real, 
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The writer’s limited experience of greywackes and arkoses conforms to 
these observations, but not all arkoses would fit Pettijohn’s distinctions, be¬ 
cause of the wide range of conditions under which rocks conforming to existing 
definitions can accumulate. The existing definitions are particularly unsatis¬ 
factory in their emphasis on climatic controls to preserve the labile components. 
Sufficient evidence has accumulated to prove that extensive deposits of arkose 
can form under both humid tropical and temperate conditions of climate, 
and that the factors preserving the labile components are rapid erosion and 
burial, or submergence (Reed, 1928 : Krynine, 1935 : Taliaferro, 1943 : 
Edwards and Baker, 1943). 

Arkose (excluding so-called ‘ unt ran sported or sedentary arkoses ’) then, 
like greywacke, requires an environment in which erosion, transportation and 
deposition are so rapid that complete chemical weathering of the labile com¬ 
ponents does not take place. This in turn implies a high land subject to vigor¬ 
ous erosion. The differences between the two rocks arise only when deposition 
begins. If the sediment is deposited under still conditions and not further dis¬ 
turbed, a greywacke results ; if bottom currents separate the clay from sand 
size particles with or without the development of perfect sorting of the sand 
size particles, arkose will be formed. Compaction will not change the greywacke 
notably, but in the case of the arkose the connate waters of the associated 
mudstones, with their dissolved or suspended material will infiltrate the arkose, 
and provide it with a fine matrix or cement. 

One possible objection to the use of the term greywacke for the Aure 
sediments is that some authors restrict the use of the name to ancient sediments. 
However, as Fischer points out, once the relationship of greywackes to processes 
;r of sedimentation is recognised, there is no ground for excluding a sediment 
from the class, simply because of its relative youthfulness. 
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Explanation of Plates 

Plate XII 

Fig. 1. Intraformationa 1 Conglomerate, showing a well-rounded pebble of mudstone in a matrix of coarse 
greywacke. UK 1044. xi. 

Fig. 2. Fragments of pebble-conglomerate from Dude section, UV 388, showing characteristic shape of rock fragment 
—angular reef quartz, rounded elongated schist, rounded or sub-angular andesite, xi. 


Plate XIII 
Photomicrographs 

Fig. 1. Graded bedding in fine-grained greywacke. The photograph shows the full thickness of one bed overlai; 

by the bottom of another. UK 797. x 18. t 

Fig. 2. Micro-breccia texture in a medium-grained greywacke, showing fragments of andesite. (Nicols half-crossed. 

UK 2644. x 18. jl 

Fig. 3. Texture of medium-grained greywacke with a high proportion of matrix (50 per cent or more), showing.; 

rounded fragment of hornblende andesite, and a rounded fragment of quartz schist (white). A zone 
plagioclase, partly replaced by grey calcite, can also be seen. UK 1042. xi8. 

Fig. 4. Texture of coarse-grained greywacke, showing rounded fragments of schist and shale, and portion of a 
fragment of hornblende andesite. UK 2636. xi8. 

Fig. 5. Rounded, elongated schist fragment, and rounded shale fragment in a coarse-grained gritty greywacke. 
UK 2642. xi8. 

Fig. 6. Rounded shale fragment and sub-angular quartzite fragment in a coarse-grained gritty greywacke. UK 2645. 

xi8. 
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SOME TERTIARY PELECYPODA FROM THE LAKES ENTRANCE 
OIL SHAFT, GIPPSLAND, VICTORIA 

By Irene Crespin, B.A. 

[Read n September 1947] 

Introduction 

The Lakes Entrance Oil Shaft is situated about 2 miles northeast of Lakes 
Entrance township in the Parish of Colquhoun and about 200 miles east of 
Melbourne. The Shaft was sunk under the auspices of the Commonwealth 
and Victorian Governments from 1941 to 1944, operations ceasing when it 
had reached the depth of 1,212 feet. 

Apart from a few feet of soil the Shaft was sunk in Tertiary sediments and 
as approximately 12,000 tons of material were removed during the mining 
operations, a unique opportunity was afforded the palaeontologist to collect 
suites of fossils from the various stratigraphic horizons through which the 
Shaft passed. The writer paid frequent visits to the scene of operations to 
collect fossiliferous material and to make field observations on the lithology 
of the beds. The stratigraphic sequence of beds was characteristic of that 
already put forward by the writer for the Gippsland area (Crespin, 1943). 
The greenish-grey marls and sandstones of the Kalimnan (Lower Pliocene) 
passed downwards into the transition stage, the Mitchellian (Upper Miocene) 
then into the typical bryozoal limestones and marly limestones of the Bal- 
combian and the brownish marls, sandy marls and glauconitic sandstone of 
the Janjukian (Middle Miocene). 

Megafossils were numerous in the Kalimnan and Janjukian stages, but in 
the Balcombian stage, except in that part referred to the Bairnsdale substage 
(Crespin, 1943) they were scarce. Despite the number of megafossils in the 
Janjukian sediments, it was difficult to extract complete specimens. 

Four new species and six well-known but rarely figured species of pele- 
cypoda are described in the paper from the Kalimnan, Balcombian and Jan¬ 
jukian deposits in the Lakes Entrance Shaft. The majority of them are typical 
of outcrops of Tertiary rocks in the Lakes Entrance area and in other parts 
of Victoria. The species and the respective horizons from which they are 
described are : 

Kalimnan 

Cucullaea praelonga Singleton 
Spondylus pseudoradulus McCoy 
Encrassatella kingiculoides (Pritchard) 

Antigona ( Proxichione ) cognata (Pritchard) 

Trachy cardium (Ovicardium) gippslandicum sp. nov. 

Panope kalimnensis sp. nov. 

Balcombian 

Serripecten yahliensis (T. Woods) 

Hinnites corioensis McCoy • 

Janjukian 

Atrina janjukiensis sp. nov. 

Lentipecten victoriensis sp. nov. 

Venericardia janjukiensis Chapman and Singleton 
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The author’s thanks are extended to Dr. J. Marwick of the Geological 
Survey of New Zealand for helpful criticism regarding generic names and for 
specimens of New Zealand species for comparative purposes. The excellent 
photographs were prepared by Mr. E. Crisp, Department of the Interior, 
Canberra. 

All specimens are housed in the Commonwealth Palaeontological Collection 
at Canberra. 


Description of Species 

Family CUCULLAEIDAE 
Genus Cucullaea Lamarck 1801 

Cucullaea praelonga Singleton 
(PI. XV, Fig. 12) 

Observations. A well preserved, gerontic, right valve of C. praelonga is 
figured from the greenish grey sandstone typical of the Kalimnan stage in 
the Shaft. Two other right valves were also found. The species was originally 
described from the Kalimnan at ‘ Forsyth’s,' Grange Burn near Hamilton, 
Western Victoria. The figured valve and one of the other specimens are slightly 
less quadrate in outline than the type, but the third,and smaller one is typical. 
However, Singleton notes that the outline is variable. All valves are rather 
coarsely ornamented which helps to distinguish the species from C. corioensis 

The dimensions of the figured specimen are : length, 65 mm., height, 55 mm., 
thickness of single valve, 28 mm. 

Occurrence. In greenish grey, glauconitic sandstone at the depth of 100 
feet. Comm. Pal. Coll. No. F. 11,993, Type No. 629. 

Age. Lower Pliocene (Kalimnan Stage). 


Family PINNIDAE 
Genus Atrina Gray 1847 

Atrina janjukiensis sp. nov. 

(PI. XVII, Figs. 18, 19, 20.) 

Holotype. Shell thin, incomplete, equivalved in oblique direction, triangular, 
elongate, nacreous layer entire. Anterior-ventral border straight. Valves 

convex, increasing in width towards posterior end, where agape. Rhomboidal 
in section. Dorsal portion of valve about two-thirds of total width at posterior | 
end. Dorsal valve ornamented with 14 smooth longitudinal ribs, increasing 
in breadth posteriorly, with shallow interspaces becoming very broad in that 
direction. Ventral half covered with numerous close-set concentric ribs, which 
commence along ventral margin near apical end. Dorsal margin straight, sharp, 
slightly concave near the byssal orifice, becoming convex towards posterior 
end. Ventral margin gently convexly curved towards posterior end where 
maximum length. 

Height, 125 mm. ; length at anterior (at broken portion) 25 mm. ; length 
at posterior circ. 90 mm. ; dorsal margin 95 mm. ; ventral margin 86 mm., 
greatest thickness through both valves 45 mm. ; thickness at anterior, 20 mrn. 
All measurements are approximate only because of the broken shell and mode 
of preservation. . 

Paratype. Shell crushed, but characters all present. Portion of outer shell 
on anterior dorsal showing fine rib between two stronger ones. 

Height, 115 mm. ; length at anterior, 5 mm. ; length at posterior 70 mm.» 
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dorsal margin 105 mm. ; ventral margin, 82 mm. As in holotype all measure¬ 
ments are approximate. 

Observations. Both the holotype and paratype of Alvina janjiikiensis were 
found in hard, concretionary, calcareous sandstone and consequently their 
extraction from the matrix was extremely difficult. Indications are that the 
holotype, if complete, should have a height of circ. 150 mm. with the dorsal 
margin measuring circ. no mm. Fragments of the anterior portion of the shell 
were found in the more friable micaceous sandy marls with which the hard 
calcareous sandstone occurs as ‘ floaters/ A. janjukiensis resembles A. cor data 
(Pritchard) but it differs from that species in its greater height and broader 
and flatter valves. 

Occurrence. In'hard calcareous sandstone, at 1,048 feet. Holotype Comm. 
Pal. Coll. No. F.15,515, Type No. 630. Paratype, Comm. Pal. Coll. No. F. 
15,642, Type No. 631. 

Age. Middle Miocene (Janjukian Stage). 


Family PECTINIDAE 
Genus Lentipecten Marwick 1928 

Lentipecten victoriensis sp. nov. 

(PI. XV, Figs. 8, 9, 10, 11) 

Holotype. Shell, brown in colour, moderately large, compressed, thin, 
polished, suborbicular. Right valve gently convex, Surface covered with very 
fine concentric lines. Stronger concentric growth lines towards periphery. 
Ears equal in size, covered with fine almost vertical lamellae and with straight 
dorsal margin. Left valve almost flat, with slight convexity in area immedi¬ 
ately below umbo. Surface covered with very fine concentric lines, with strong 
concentric growth lines towards periphery. Faint, flat radial ribs on anterior 
and posterior just below hinge line. Ears unequal, covered with lamellae which 
are curved on anterior ear. Margins curved. Lamellae form a serrated fringe 
on slightly curved dorsal margin. Posterior slightly larger than anterior. 

Height, 73 mm. ; length 75 mm. ; thickness of two valves, 15 mm. 

Paratype. Right valve. Shell broken, but all external characters as in 
holotype. Internal surface of shell smooth. Adductor scar large. 

Height, 68 mm. ; length, 68 mm. ; thickness of single valve, 5 mm. 

Observations. Tate referred a smooth shell from the Australian Tertiaries 
to the New Zealand Tertiary species Pecten hochstetteri Zittel, but Marwick 
(1924) stated that Tate was mistaken in thinking that species had two smooth 
valves. The smooth form from New Zealand is P. huttoni Park. There is 
little doubt that the Australian form is a new r species and distinct from the 
New Zealand one. Consequently a new name Lentipecten victoriensis is given 
to the shell referred by Tate to P. hochstetteri. 

Numerous specimens of L. victoriensis were present in the micaceous marls 
and sandy marls of Janjukian age in the Lakes Entrance Shaft, but because 
of the fragile nature of the shell complete specimens were difficult to collect. 
Valves were also present in the hard bands of concretionary sandstone, which 
are characteristic of the Janjukian Stage in the Lakes Entrance area. 

Occurrence. Holotype from brown micaceous marls at 1,020 to 1,060 feet. 
Comm. Pal. Coll. No. F. 16,098, Type No. 632. Paratype at similar depth. 
Com. Pal. Coll. No. F.15,449, Type No. 633. 

Age. Middle Miocene (Janjukian Stage). 
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Genus Serripeeten Marwick, 1928 



Serripecten yahliensis (T. Woods) 

(PI. XVI, Figs. 14, 15) 

Pecten yahliensis T. Woods, 1865, pi. 1, figs. 4 a, b. 

Observations. The figured specimen of this handsome species is the only 
complete example to be found in the sediments from the Lakes Entrance 
Shaft although complete and broken single valves are common in the beds 
which represent the Bairnsdale substage of the Balcombian (Crespin, 1943). 
Numerous specimens of the species were present at the depth of 320 feet where 
they were associated with an assemblage of macrofossils including Clypeaster 
gippslandicus McCoy and Hinnites corioensis McCoy, which is characteristic 
of the Bairnsdale substage. One specimen was recorded at the depth of 547 
feet in the Batcsford substage. The valves were always bluish grey in colour. 

S.yahliensis was originally described from a well at Yahl near Mt. Gambier, 
South Australia. 

The dimensions of the figured specimen are : height, no mm., length, 
120 mm., thickness of valves, 35 mm. 

Occurrence. In grey, bryozoal limestone at 325 feet. Comm. Pal. Coll. 
No. F. 12,040, Type No. 634. 

Age. Middle Miocene (Balcombian Stage, Bairnsdale substage). 


Genus Hinnites de France 

Hinnites corioensis McCoy 
(PI. XV, Fig. 13) 


Hinnites corioensis McCoy, 1876, p. 31, pi. 58, figs. 1-5 ; 1885, p. 116, pi. 18, fig. 4. 

Observations. H. corioensis is a typical species of the Bairnsdale substage 
of the Balcombian (Crespin, 1943). Species were found in the Shaft between 
the depths of 208 feet and 428 feet. It occurs commonly in the cliffs at Pound 
Swam]), Mitchell River, Bairnsdale, which is the type section for the Bairnsdale 
substage and at other localities along the Mitchell. It is also common in the 
road cutting at Toorloo Arm on the Princes Highway northeast of Lakes 
Entrance and in cliff sections along the Snowy River near Orbost. 

The dimensions of the figured specimen are : height, 85 mm., length 80 mm., 
greatest thickness of single valve, 25 mm. 

Occurrence. In pale grey bryozoal limestone at 281 feet. Comm. Pal. 
Coll. No. F.12,084. Type No, 635. 

Age. Middle Miocene (Balcombian Stage, Bairnsdale substage). 


Family SPONDYLIDAE 
Genus Spondylus Linne 1758 

Spondylus pseudoradulus McCoy 
(PI. XIV, Figs. 1, 2) 


Spondylus pseiido-radula McCoy, 1876, p. 17, pi. 45, figs. 2, 2 a-c. 

Observations. A large left valve of 5 . pseudoradulus is figured from the 
Kalimnan sediments in the Shaft, and several fragments of large specimens 
were also found. The species is also recorded from bores in the Lakes Entrance 
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area. Although McCoy described the species from Miocene beds, he recorded 
large specimens from the Older Pliocene. 

The dimensions of the figured specimen are : Height, 90 mm., length, 80 mm., 
thickness of valve, 25 mm. 

Occurrence. In greenish grey glauconitic sandstone between the depths of 
50 to 100 feet. Comm. Pal. Coll. No. F. 12,010, Type No. 636. 

Age. Lower Pliocene (Kalimnan Stage). 


Family CRASSATELLIDAE 
Genus Eucrassatella Iredale 1924 
Euerassatella kingiculoides (Pritchard) 

(PI. XIV, Fig. 6) 

Crassatella kingiculoides Pritchard, 1903, p. 94, pi. 13, figs. 1, 2, 3. 

Eucrassatella kingiculoides Singleton 1943, p. 258. 

Observations. The figured specimen is complete and fairly well preserved. 
Numerous specimens were present in the Kalimnan beds in the shaft, the 
largest, a single valve, having a height of 63 mm. and length of 95 mm. E. 
kingiculoides is common in certain Kalimnan deposits in the Lakes Entrance 
area as at Jemmy’s Point and Maringa Creek sections. 

The dimensions of the figured specimen are : height, 60 mm., length 85 mm., 
and thickness through both valves, 45 mm. 

Occurrence. In greenish grey, glauconitic sandstone at the depth of 100 
feet. Comm. Pal. Coll. No. F.11,970, Type No. 637. 

Age. Lower Pliocene (Kalimnan Stage). 


Family CARDITIDAE 

Genus Venericardia Lamarck 1801 

Venericardia janjukiensis Chapman and Singleton 
(Pl. XIV, Fig. 7) 

Venericardia janjukiensis Chapman and Singleton, 1927* p- 120, pl. 11, figs. 30#, b, 31. 

Observations. V. janjukiensis is a common species in the fine-grained, 
brown, micaceous marls and sandstones and in the underlying green glauconitic 
sandstone which comprise the Janjukian Stage in the Lakes Entrance Shaft 
and in bores in the area. A left valve is figured from the micaceous sandstone. 
It has slightly fewer ribs than the type specimen but all other features des¬ 
cribed by Chapman and Singleton including the humpiness in the ephebic 
stage, are present. It was difficult to obtain well preserved specimens in the 
glauconitic sandstone, but all forms were apparently large one having a height 
ol 47 mr fi- and length of 52 mm. The larger size of the shells in the glauconite, 
which was formed under moderately shallow-water conditions, is in contrast 
to the smaller specimens present in the overlying fine-grained brown micaceous 
sandstone which was deposited in deeper water. 

• he dimensions of the figured specimen are : height, 36 mm., length 34 mm., 
and thickness of single valve, 14 mm. 
ie Occurrence. In fine-graded brown, micaceous sandstone at 1,060 feet, 
i Comm - Pal. Coll. No. F. 15,638, Type No. 638. 

Age. Middle Miocene (Janjukian Stage). 
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Family VENERIDAE 

Genus Antigona Schumaker 1817 
Subgenus Proxichione Iredale 
Antigona (Proxichione) cognata (Pritchard) 

(PL XIV, Fig. 5) 

Chione cognata Pritchard. 1903, p. lor, pi. 12, Fig. 5. 

Antigona (. Proxichione ) pQgnata Singleton. 1943, p. 254. 

Observations. Large specimens of this species were collected in the Kalim- 
nan deposits in the Shaft. In the majority of these the strong concentric l 
frills shown in the type specimen, which was described from Grange Burn 
below Forsyth's near Hamilton in Western Victoria, are not well preserved 
but towards the ventral margin they develop into thick ridges medially and 
according to Pritchard ‘ taper to crenulate frills towards the anterior and 
posterior of the shell. The inner margin is finely denticulate, the denticulation 
slanting under the umbo and extending to the top of the posterior angulation.’ 

The dimensions of the figured left valve are : height, 63 mm., length, 72 mm., 
thickness of single valve, 25 mm. Measurements of another specimen are: 
height, 70 mm., length, 80 mm., and thickness of single valve, 30 mm. 

Occurrence. In greenish grey, glauconitic sandstone, between the depths 
of 50 and 100 feet. Comm. Pal. Coll. No. F. 12,017, Type No. 639. 

Age. Lower Pliocene (Kalimnan Stage). 

Family CARDIIDAE 

Genus Trachycardium Moerch 1853 
Subgenus Ovicardium Marwick 1944 

Trachycardium (Ovicardium) gippslandicum sp. nov. 

(PI. XIV, Figs. 3, 4) 

ITolotype. Shell large, thick, obliquely high, oval. Only portion of shell 
structure remains but shape complete. Left valve almost complete. Forty 
seven radial ribs, flatly rounded, with deep interstices, narrower in width than 
rib. Ribs later becoming ornamented with fine tegulation, and spinose on pos¬ 
terior margin. Flattened area along posterior margin for length of about first 
10 ribs. Ribs slightly angular and spinose in this area. Lunule slightly concave. 

Height of shell, 43 mm. ; length, 35 mm. ; thickness, 26 mm. 

Paratype. Right valve. Fifty-two flattened to rounded ribs, well preserved 
portions being covered with fine tegulate ornament. Posterior margin flattened 
for about length of first 10 ribs. Strong anterior cardinal, small posterior. 
Inside margin of shell strongly' crenulate. 

Height of valve, 40 mm. ; length, 33 mm. ; thickness, n mm. 

Observations. The present species came from the Kalimnan deposits in the 
Shaft, only two specimens were discovered and both were incomplete. Marwick 
(1944) gives the age for the subgenus Ovicardium as Pliocene but suggests that 
it may have existed before that time. There is no other record of the species 
in Gippsland in the Commonwealth Palaeontological Collection. 

Occurrence. In greenish grey glauconitic sandstone between the depths 
of 50 to 100 feet. Comm. Pal. Coll. No. F. 11,973, Type No. 640. Paratype- 
Comm. Pal. Coll. No. 16,099, Type No. 641. 

Age. Lower Pliocene (Kalimnan). 
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Family HIATELLIDAE 
Genus Panope Menard 1807 

Panope kalimnensis sp. nov. 

(PI. XVII, Figs. 19, 20) 

Holotype. Shell broadly oblong, inaequilateral, convex, gaping at both ends. 
Shell covered with tine concentric lines which are grouped at irregular distances 
to form ridges. Anterior margin rounded, posterior attenuated and slightly 
truncated. Anterior and posterior equally broach Dorsal margin straight ; 
ventral straight but with slight fold toward centre. Shell minutely granulated. 
Umbos incurved. One cardinal tooth on each valve, only feebly interlocking. 
Nymph well marked. 

Height, 50 mm,; length, 80 mm. ; thickness of both valves, 45 mm. 

Observations. Panope kalimnensis is common in the Kalimnan beds in 
the Lakes Entrance Shaft. The smallest specimen had a height of 45 mm. and 
length of 70 mm., and the largest, a height of 52 mm. and a length of 83 mm. 

Tate (1887) figured a specimen of Panope from the River Murray Cliffs 
near Morgan, which belong to the Balcombian Stage and which he referred 
to the New Zealand species P. orbita Hutton. Marwick (1924) declared that 
P. orbita did not occur in Australia, and Finlay (1926) stated that all specimens 
he had seen from the Australian Tertiaries were consistently like Tate’s figure 
given in 1887. ble named the Australian Miocene species P. red phi , designating 
Tate’s Fig. 3, pi. 18 as the holotype. Specimens from the Kalimnan in the 
Dennant Collection, National Museum, Melbourne, are also labelled 4 P. orbita.* 
However, a close examination shows them to be similar to those found in the 
Kalimnan beds in the Shaft. 

Four prominent features distinguish P. kalimnensis from P. ralphi. (1) the 
broadly oblong shape of the shell; (2) the truncated posterior margin of the 
former; (3) the slight fold towards the ventral margin of the shell; (4) the 
straight ventral margin. 

Occurrence. Lakes Entrance Shaft, at 50 feet. Comm. Pal. Coll. No. 
F.12,015, Type No. 642. Also in No. 6 Bore, Ph. Colquhoun at 281 feet. 

Age. Lower Pliocene (Kalimnan Stage). 
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Explanation of Plates 

Plate XIV 

Spondylus pseudoradulus McCoy. External, left valve, 2/3 natural size. 

Spondylus pyeudomdulus McCoy. Internal, left valve. 

Trachy car Mum ( Qvicardium) gippslandicum sp. nov. Holotype, left valve. 2/3 natural size. 
J'rachycardium ( Ovicanlium ) gippslandicum sp. nov. Paratype, right valve. 2/3 natural size. 
Antigona (Proxichwrie) co&natu (Pritchard). Left valve. 2/3 natural size. 

F.ucmssatella kingiculoid.es (McCoy). Right valve of complete specimen. 2/3 natural size. 

Vetiericardia janjnkiensis Chapman and Singleton. Left valve. Natural size. 

Plate XV 

Lmtipecten victor tens is sp. nov. Holotype. Right valve. 

Lmtipccten victoriensis sp. nov. Holotype. Left valve. 

Lenlipcclen victoriensis sp. nov. Paratype. Right valve. 

Lcntipccten victoriensis sp. nov. Internal of right valve. 

Cucullaea praelonga Singleton. Right valve. 

Hi unites corioensis McCoy, Left valve. 

Figures 2/3 natural size. 


Plate XVI 

Serripecten yahliensis (T. Woods). Right valve. 
Serripecten yahliensis (T. Woods). Left valve. 

Figures 2/3 natural size. 


Plate XVII 


Panope kalimnensis sp. nov. 
Panope kalimnensis sp. nov. 
A trina janjnkiensis sp. nov. 
Atrina janjnkiensis sp. nov. 
A trina janjnkiensis sp. nov. 


Holotype. 

Holotype. 

Holotype. 

Holotype. 

Paratype. 


Left valve. 2/3 natural size. 

Incurved umbos and teeth. Dorsal margin. 
Circ. £ natural size. 

Anterior-dorsal view. Circ. £ natural size. 
Dorsal margin. Circ. \ natural size. 
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THE ORIGIN OF STONY CREEK BASIN, DAYLESFORD, VICTORIA 
by Alan Coulson, M.Sc. 

[Read g October 1947] 

Introduction 

Stony Creek Basin, Water Supply Reserve No. 1, Parish of Wombat, lies 
on the south side of Victoria (Jubilee) Park, about if miles south of Daylesford 
Post Office. It is about 3^ acres in area, and 150 feet in depth. 

The walls of the basin, and its bedrock floor, consist of Lower Ordovician 
(Bendigonian) sandstones and shales, capped on the south and east rims by 
Lower Pliocene quartz gravels, and on the west and north by Newer Basalt. 
The Tertiary sediments in the basin consist of thin basal quartz drift, a middle 
bed of 100 feet of ligneous diatomaceous clays, and upper beds 20 feet thick 
of mottled red and grey sandy clays with quartz boulders. 

Previous workers have been : N. Taylor (1894), S. B. Hunter (1896), 
T. S. Hart (1905), H. S. Whitelaw and W. Baragwanath (1923) and D. Orr 
(1927 a, b). The present paper deals with : 

(i) the evidence of faulting at the basin 

(ii) the nature and mode of formation of the basin sediments 

(iii) the Llewellyn Lead basalt flow. 

The Fault Movements 

Most previous workers agree that the steep-walled basin was lowered by 
faults of the order of 250 feet. Orr (1927a) pictured the accumulation of the 
sediments in the lake formed when the basin was flooded, but Hart (1905 and 
recent personal communications) considers that the lignites were deposited 
on the peneplaned Ordovician prior to the faulting. His chief evidence was the 
tilted attitude of some of the lignites, and the frequent occurrence of lignites 
throughout the district. 

The author has measured the dips of the lignites where exposed (see Fig. 1) 
in the 15 feet deep sluiced channels in the south-east portion of the basin. 
They range from 20° to 50° west to southwest, but bedding planes are indefinite 
in many exposures ; some beds appear horizontal. There is no evidence that 
the westerly dip is uniform throughout the area, nor of the dip of the deeper 
beds. 

The walls have been closely examined for slickensides, breccia and dyke- 
rock, but apart from a few small patches of slickenside and brecciated sandstone 
on the east bank, none w r as seen. On the east bank a black slate band about 
6 inches thick is exposed at different levels descending altogether 150 feet in 
a distance of 8 chains. Definite step faults, of about 3 feet throw, can be ob¬ 
served in this near the bottom of the basin, and it is possibly step-faulted 
throughout. It is probably one of the beds of the western leg of the Western 
Star syncline. 

The south bank is regarded (Orr, p. 29) as being defined by a later fault 
along the eastern extension of the Corinella dyke. No fault breccia was found 
on the south bank nor in the tunnel along the Jubilee Reef, nor in the several 
gullies on the south bank. However, on the south-east rim of the basin, near 
the junction of the Daylesford-Ballan Road with the track to Stony Creek 
Falls, is a puggy brecciated ‘ dyke ' some ij chains wide. It runs E.S.E. from 
this point to Sweet's claim about 400 yards south of the Ajax South mine 
(Rising Star Extended). This dyke may w r ell be an extension of the Corinella 
dyke. 
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The north bank is almost entirely masked by soil and talus, except for an 
occasional outcrop of Ordovician sandstone, and' a short tongue of basalt from 
Victoria Park, which lips down to the surface of the basin. In the north-west 
corner of the basin, west of Stony Creek, where a steep gully runs in, sluicing 
has exposed a bank some 100 yards long and 30 feet high, in which the material 
consists of small sub-angular fragments of Ordovician sandstone set in red-brown 
clay. This material is common in all the hillside debris, but its unusual thick¬ 
ness^ and its location at the hiatus in the basalt flow (see Whitelaw’s map 



| v v| Newer Bo-salt 


© ^rap"to l i’t'cs 


STONY CK. 
BASIN 




Fig. 1. Stony Creek Basin. 
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1923) may be significant as indicating broken ground. No Ordovician is ex¬ 
posed in situ here. Seepages are numerous on the western slope of the ridge 
at this point. 

The western wall is almost completely obscured by large basalt boulders 
from the capping, by piles of stone from the sluicing, and debris from several 
tunnels under the basalt. 

The ‘ Grand Mystery 1 shaft near the south bank is reported {Daylesford 
Express, March 17 and April 9, 1864) to have passed through black ligneous 
clays, encountering drift at no feet and a sloping wall of Ordovician to 117 
feet. A small dump at the site of the shaft contains rounded boulders of quartz, 
quartzite, sandstone and occasional slate, but no lignite. The lignite brought 
up is reputed (Whitelaw, 1923, p. 12) to have been burnt. The steep slope of 
the Ordovician suggests that true bedrock was not reached in the shaft. 
Hunter's map (1896) has a note near the position of the shaft that 
‘ the bedrock goes down almost perpendicular here.’ 

Thus, within the basin, evidence of faulting is rather scanty. Many traverses 
were made to prove a surface connection between the basin and the Corinella 
dyke, but apart from the multiple dykes exposed in the bed of Sailor's Creek, 
no evidence of continuity was found. There are, however, strong grounds for 
belief that underfoot there is a connection, as a line of weakness, probably a 
tension fissure, runs from the hills west of Eganstown to Wheeler's Hill (Musk) 
in the east. It is occupied at the ends by volcanoes, in its western part by the 
Corinella dyke of lava, tuff, diatomaceous earth and fault breccia, and near 
the basin by the ' dyke ' already described as occurring at the south-east 
rim of the basin. The steep northern bank of Jubilee Lake (originally Wombat 
Creek) may also be associated with this feature. Bearing in mind the tendency 
of the dyke to split, as in Sailor’s Creek, where the five dykes cover 16 chains, 
the split dyke in the quarry at Eganstown in Allot. 36 b, Wombat and the 
width of 14 chains of the Corinella dyke itself, it is possible that two parallel 
west-east faults some 18 chains apart may have delimited the northern and 
southern walls of the basin. 

Consideration of the general structure of the Daylesford field suggests 
that the eastern and western walls may also be due to faults. In this brachy- 
anticlinorium, the Dean Dome (Thomas, 1939), the broad Ajax anticline passes 
through the basin, but the adjacent Western Star and Rising Star anti¬ 
clines diverge noticeably from it, resulting in a crowding of the folds on the 
eastern side of the basin. Along any one fold axis in the district, pitch may 
undulate slightly, but in general the pitch of the folds west of the western 
Star line, such as the Jubilee and Ajax lines, is northerly, while those to the 
east, viz., the Rising Star and Cornish lines, pitch southerly at J° to io°. 
There is thus a reversal of direction of pitch in the vicinity of the basin, 
suggesting weakness in the north-south direction. The actual type of fault is 
not indicated, but normal gravity faults may be presumed. Thus the basin 
lies at the intersection of two lines of weakness mutually at right angles (cf. 
Whitelaw, p. 12). 

In the hope of revealing faults, graptolites (see Appendix) were collected 
from available localities in the vicinity of the basin, but yielded no structural 
data except that the horizons range from Be4 on the west wall to Be2 on the 
east, without apparent omission or repetition of beds. No identifiable fossils 
were obtained from the f Mystery ' shaft dump. 

Tertiary Sediments in the Basin 

The only evidence of the existence of the lowest bed of quartz pebble wash, 
is the newspaper record of the ‘ Grand Mystery ’ shaft quoted by Hart (1905, 
P’ 367). Apparently the bed is only a few feet thick, and consists of water- 
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worn boulders. Its age is a matter of conjecture ; it may correspond with the 
Older Pliocene gravels and conglomerate (Oldest Drift of Krause 1878, p. 90) 
at present capping the eastern and southern rims, or it may be correlated with 
the sub-basaltic gravels of the Llewellyn Lead (Krause’s Middle Pliocene or 
Older Gold Drift). The view is taken here that it is Older Pliocene. 

Overlying this are 100 feet of ligneous clays, with occasional thin bands 
of sand and gravel. The fossil flora has been examined (Patton, 1928; Chapman 
and Colliver, 1945) but without precise allocation of age. Whitelaw (p. 12) 
classed both lignite and underlying gravel as Older Pliocene, but mapped the 
basin area as Newer Pliocene, apparently regarding the upper sandy clays as 
Newer Pliocene. Taylor (1894, p. 15) classed the lignites as Middle Pliocene 
and this view is favoured here. 

The conditions obtaining during their accumulation are of importance; 
lignites are formed in shallow water, but the basin deposits are really ligneous 
and diatomaceous clays, with no stems or trunks embedded. Leaves are the 
largest fossils. Thus the water may have been deeper than is usual for true 
lignites, and it is possible that the deposition took place in a deep small lake 
already formed, rather than in one of which the floor was still subsiding. 

I he ligneous clays merge into the uppermost formation of unbedded mottled 
red and grey sandy clays containing large waterworn boulders of quartz, sand¬ 
stone and conglomerate, but no basalt boulders except a few in the north-east 
of the basin. Their junction with the lignite is uneven and indistinct, and 
points to a change in the nature of the material being deposited rather than 
a time break, lhe thickness varies from 5 to 30 feet. Much has been removed 
during sluicing, but the remnants of the original surface show a slope of 1 in 30 
to the north-west. It is probable that much of the coarser material has been 
derived from the walls and rim of the basin. 

Concerning the observed dips of some of the upper beds of lignite, factors 
other than faulting which may account for their tilted attitude are : 

(i) they may be foreset beds of a small delta in the lake at the mouth of 
the stream which entered it ; 



Fig. 2. Section through Stony Creek Basin. 
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(ii) they may have been horizontal lacustrine deposits of plastic clay 
which, when wet, became deformed by the pressure of overlying sedi¬ 
ments and suffered drag westwards to the deepening valley of 
Stony Creek. 

Llewellyn Lead Basalt Flow 

The course of this flow of anorthoclase basalt (Orr, 1927b) is of considerable 
importance, as it filled the valley of the stream which ante-dated the lateral 
streams Stony Creek and Sailor’s Creek. That the basalt did not cover much 
of the area of the basin is evident from the absence of residual basalt boulders 
in the basin, except for a few pebbles in the north-east corner near the basalt 
tongue, and of course the numerous basalt boulders in the bed and banks of 
Stony Creek, all of which lie on top of the true sediments. 

The question arises : What prevented the basalt flow from filling the basin ? 
The upper surface of the basalt flow is about 1930 feet, while the basin surface 
is at 1800 feet. Three possibilities occur : 

(i) that the basin was not formed until after the Newer Basalt period ; 

(ii) that the basin was entirely filled with sediments ; 

(iii) that the course of the lead was such as to skirt the basin. 

Regarding (i) there is little possibility that the basin is post-basaltic in age, as 
correlation with similar deposits in the district, all of which are sub-basaltic 
(Hart 1905, p. 369) place it in the Middle or Lower Pliocene, while the basalt 
is at least Upper Pliocene and may be Pleistocene. 

Regarding (ii) it is unlikely that sediments entirely filled the basin and their 
upper 130 feet was removed by denudation, as the basin forms a cul-de-sac 
on the side of Stony Creek, and would be unfavourably situated for the vigorous 
erosion postulated. 

Turning to (iii), careful measurement of the levels of the numerous small 
wash tunnels under the five outliers of basalt (Fig. 3) shows that the Llewellyn 
Lead curved around the north-west 
corner of the basin, swung around in 
Victoria Park, and went under Sailor’s 
Hill; beyond there it cannot be traced. 

The basin was protected from flooding 
by the then right bank of the lead, 
composed of Ordovician sediments 
since removed, but at that time higher 
than the basalt. A point of entry of 
water to the basin was at the two-chain 
tongue of basalt on the north side of the 
basin, where there was an overflow 
channel discharging occasionally into 
the lake. Possibly its deposition was 
partly deltaic in nature, in which case 
the tilted attitude of some of the beds 
could be due to their being foreset beds, 
or to having slumped. 

Due to the development of lateral 
streams, and rejuvenation by general 
uplift of the area (Orr, 1927b, p. 35), 
denudation along the stream valleys has 
been rapid, removing the basalt barrier 
m the north-west corner, carving gorges 
200 feet deep or more, and leaving the 
basalt as flat-topped ridges and outliers. 



Fig. 3. Course of Llewellyn Lead. 

Levels shown are wash drive tunnels. 
N indicates no wash or tunnels at this 
point. 
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Conclusion 

The geological history may be summarized thus : 

(a) Faulting began in Lower Pliocene times of a rectangular area, along east- 
west lines due to the Corinella dyke, and north-south lines due to faults 
associated with crowded folds and reversal of pitch ; 

(b) Flooding by Llewellyn Lead streams to form a lake, in which during the 
Middle Pliocene period there accumulated the ligneous and diatomaceous 
clays, possibly but not certainly on a subsiding floor ; 

(c) Basalt flow from Leonard's Hill, probably Upper Pliocene, occupied 
Llewellyn Lead, skirted the western rim of basin, but lipped down at one 
place on north side ; 

(d) Development of lateral streams, regional rejuvenation, direct entry of 
Stony Creek into basin, breaching of basalt barrier, erosion of sediments 
adjacent to creek, possible sagging of upper lignite beds towards creek valley; 

(e) Addition of some hillside detritus from the basin walls to the upper sedi¬ 
ments in the basin, extending from Upper Pliocene to Recent times. 
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Appendix 

List of Graptolites identified by Dr. D. E. Thomas 
Locality 1. Near Ballarat Road Bridge over Stony Creek : 

Tetragraptus fruticosus 3 br., v. common, Phyllographis ilicifolius, Phyllo- 
carid, T. pendens, Didymograptus sp., Sigmagraptus laxus, Goniograptus 
macer, G. luveani, T. serva. Be. 4. 

Locality 2. Tunnel, west bank Stony Creek, 3 chains south of basin : 

Phyllocladifs ilieijo/ins, T. fruticosus 3 br. common, Didymograptus cf. sivnilis 
T. cf. quadribrachiatns , Goniograptus macer, Didymograptus horiz-sp., Phyfl°' 
carids. Be.4. 

Locality 4. South Bank of basin in gully 30 yards West of Jubilee Reef : 

Tetragraptus fruticosus 4 br., T. pendens, T, cf. quadribrachiatns Be. 2 or 3 - 
Locality 5. East Bank of Basin : 

Tetragraptus fruticosus 4 br., T , pendens, T. cf. quadribrachiatns. Be. 2. or 3 - 
Locality 6 . Gully in South-east corner of basin, 50 feet above floor : 

Tetragraptus fruticosus, T. bryonoides. Be. 2. 
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THE PETROLOGY OF THE CRETACEOUS GREYWACKES 
OF THE PURARI VALLEY, PAPUA 

by A. B. Edwards, D.Sc., Ph.D., D.I.C. 

[Read 13 November 1947] 

Introduction 

This petrological study of the Lower Cretaceous Greywackes of the Purari 
Valley, Papua, is based on six representative specimens supplied for the purpose 
by the Australasian Petroleum Co., with a view to comparing the Purari rocks 
with the Miocene greywackes of the Aure Trough (Edwards, 1947). The work 
was undertaken as part of the research programme of the Mincragraphic Section, 
of the Council for Scientific and Industrial Research, and is published by per¬ 
mission of the Council and of the Australasian Petroleum Co. 

The Purari Formation consists of more than 5,000 ft. thickness of massive 
to thick-bedded sandstones, interstratified with thin bedded mudstones. The 
sandstones contain an occasional band of marine shelly fossils, with which 
are associated thin bands of shale with indeterminate land plant remains 
and silicified wood. The mudstones contain a meagre marine fauna. The rocks 
have been mapped and described by Carey (1945), and the specimens examined, 
which are numbered UP.82, 112, 116, 122, 125, 127 are from his collection, 
the localities of the specimens being shown by the corresponding numbers on 
his map. From an examination of a thin section of UP.112, he referred to the 
sandstones tentatively as greywackes, of tuffaceous origin. 

The Greywackes* 

The Purari greywackes are fine-grained grey rocks, that break into flat¬ 
sided blocks. The freshly broken surface has a ‘ salt and pepper ’ appearance 
from the presence of innumerable small white felspar grains intermingled with 
darker matrix. The several specimens have a uniform even texture, broken 
only by a very occasional rock fragment about 1 mm. across. Though not 
apparent from the hand specimen the rocks are poorly sorted, as may be seen 
in thin section, and from the sizing analysis of Table 2. More than 30 per 
cent of the rock passes through a 325 mesh screen (aperture of 0^043 mm.). 
Of the sandy fractions about 65 per cent (50 per cent by weight of the rock) 
lies within a range of 0*05 to 0*15 mm. diameter. 

Thin Sections 

Examination of thin sections reveals that the greywackes consist essen¬ 
tially of angular grains of quartz, and felspars of various type, with lesser 
amounts of hornblende, chlorite, biotite, leucoxene, iron ores, glauconite, and 
minor accessory minerals, together with numerous minute fragments of sedi¬ 
mentary and igneous rocks, set in a prominent fine-grained argillaceous and 
chloritic matrix. The texture could be described as that of a micro-breccia. 
I he bright green glauconite grains, though they constitute only about 1 per 
cent of the rock, are conspicuous in the thin sections. The relative proportions 
of the several major constituents vary somewhat with the specimen, as may 
be seen from Table 1, in which micrometric analyses of four Purari greywackes 


* The term 4 greywacke ’ is used here in the sense defined in connection with the Aure 
sediments (Edwards, 1947). 
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are compared with those of two Aure (Miocene) greywackes. The most pro¬ 
nounced variation is the tendency for the proportion of felspar to increase 
where the quartz content declines. This is accompanied by a decrease in the 
proportion of matrix, which is most abundant in the quartz-rich specimens. 
The Purari greywackes contain much more quartz, and rather more felspar 
than the Aure rocks, and correspondingly less argillaceous matrix. They also 
have a lower content of ferromagnesian minerals. 

Quartz constitutes from 5 to 15 per cent of the Purari greywackes. It 
occurs as clear angular grains, a number of which possess slender fragile pro¬ 
jections. Many of the grains are fractured, and occasional grains are composite. 

Table i 


Micrometric Analyses of Purari Greywackes 


Constituent 

UP.116 

UP. 125 

UP.122 

UP.112 

Aure Gr 
UK.797 

eywackes 
UK. 1041 

Quartz 

i 5 -i 

io-5 

4-6 

6-3 

tr. 

o-i 

Felspar . . 

35'3 

33 -o 

52-3 

55 -i 

29-2 

30-6 

Hornblende 

2-5 

3 -o 

4 ' 1 

3-9 

9-1 

ii*9 

(pyroxene) 
Chlorite . . 

5*6 

3 '° 

37 

5 -i 

_ 

— 

Biotite 

0-4 

0-4 

07 

o *3 

— 

— 

(muscovite) 

Glauconite 

2-1 

i *3 

0-9 

1 -o 


_ ■ 

Iron ore and 
Leucoxene 

2-0 

i *4 

2‘5 

3 -i 

_ 

_ if 

Igneous 

Fragments . . 

2*4 

3-8 

47 

4*3 

15-8 

5*5 

Sedimentary 

Fragments 

6-3 

5-6 

67 

5’5 

4-2 

i *3 

Matrix 

28-3 

38-0 

19-8 

i 5’4 

417 

50-6 


The felspar occurs as equally angular grains, and constitutes from 30 to 
55 per cent (by volume) of the rock. The felspar is generally slightly cloudy, 
from partial alteration to kaolin, or less commonly, sericite ; and in some 
instances the alteration is advanced. This feature readily distinguishes the 
felspar from the quartz in ordinary light. Several varieties of felspar are ( 
present. A proportion of the grains, commonly those most severely altered, are 
untwinned, and if favourably oriented, show a negative biaxial figure, so that 
this felspar is probably orthoclase. Some of the orthoclase is perthitic. Much j 
of the felspar is plagioclase, with broad lamellar twinning, and less commonly 
zoning. A number of the plagioclase grains have straight extinction in the | 
symmetrical zone, indicating that they consist of oligoclase (Ab 8(? ). As many 
others have extinction angles in this zone of 15 0 to 20°, indicating that they 
consist of a more basic plagioclase, presumably an acid andesine (Ab^&g- 
Some of the felspar fragments are enclosed within an irregular narrow rim of 
untwinned felspar ; and in places these rims appear continuous around several 
adjacent, closely packed felspar grains, which suggests that the felspar of the 
rims is authigenic orthoclase or albite, deposited during diagenesis. 

The conspicuous glauconite has the characteristic bright green colour of 
that mineral, and appears cryptocrystalline under crossed nicols. Many of the 
grains show shrinkage cracks. Some have a rounded form, but most of them 
are of irregular shape, and fill the interstices between other mineral grains, 
having been deformed while still gelatinous, during the compaction of the rock- 

The hornblende is the greenish-brown form common to granitic rocks. 
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Some grains are well preserved, with angular form, but many are more or less 
altered to pale green chlorite. 

The biotite occurs as crumpled elongate wisps, in some instances frayed 
apart along cleavage planes, and either wrapped round other grains, or infil¬ 
trated with matrix, or more commonly, partly altered to chlorite. More abun¬ 
dant than the fresh biotite are grains of more or less completely chloritized 
biotite, in which only a trace of the biotite remains. The glauconite may be 
derived from such altered biotite, but the transition stage is not often preserved. 
In addition to the biotite, there are occasional flakes of while mica. 

The chlorite is a pale green to greenish-yellow variety, and occurs in three 
forms; as definite grains which represent altered biotite or hornblende, as 
minute particles disseminated through the matrix, and derived from the 
alteration of minute particles of ferromagnesian minerals originally in the 
matrix, and as a cement in the interstices between some of the coarser mineral 
fragments. It is probable that most of the chlorite is authigenic, the alteration 
of the original ferromagnesian minerals having occurred during diagenesis, 
and before the compaction of the rock. 

Small irregular grains of opaque iron oxide minerals and of grey-white 
to pale buff leucoxene occur sparsely distributed through the rocks. The 
sections contain, in addition, occasional grains of zircon, apatite in both clear 
and fibrous or ‘ dusky ’ forms, and tourmaline, and very occasional grains of 
colourless pyroxene, hypersthene, and epidote, the latter formed from the 
alteration of hornblende. 

Irregular areas of sulphide minerals, probably marcasite, are present in 
some sections. The sulphide tends to form small concretions, cementing together 
the normal mineral grains of the rock. 

Rock Fragments 

Fragments of igneous rock, about the same size as the mineral fragments 
constitute up to 10 per cent of the rock (Table 1), but because of their small 
size and fine-grained character, they are not conspicuously different from the 
enclosing matrix. 

Sedimentary and mctamorphic fragments are the more abundant. They 
consist chiefly of a fine-grained graphitic schist, that resembles the fragments 
of schist found in the Aure greywackes, sericite or mica schist, mudstone, and 
an occasional fragment of extremely fine-grained quartzite or chert, the schist 
fragments are commonly lenticular, the long axis of the fragment, which is 
parallel to the plane of schistosity, being 2 to 5 times as great as the short 
axis. The mudstone and quartzite fragments are less aniso-dimensional. Some 
of the fragments are angular, but many are rounded. 

The igneous fragments consist chiefly of extremely fine-grained extrusive 
rocks, apparently andesites. They consist of occasional small microphenocrysts 
of felspar or chloritized hornblende, in a base composed of fine laths of plagio- 
clase and green chlorite. The plagioclase laths have nearly straight extinction, 
and are often sub-parallel. A few such fragments are stained brown, as from 
weathering. Other fragments consist of felspar laths in a greenish glassy base. 
In addition there are occasional grains of finely intergrown quartz and felspar, 
suggestive of granophyre, and others composed of several orthoclase crystals. 
Some are angular, others are rounded. 

In general the rock fragments have the same dimensions as the associated 
mineral fragments, but occasional fragments are up to 0*5 mm. across. 

Heavy Mineral Constituents 

The heavy mineral constituents were extracted by suspension of the sized 
fractions of UP, 125, and the unsized powders of UP,82 and UP.116 (crushed 
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to pass ioo-mesh), in acetylene tetrabromide (tetrabromethane) of sp.gr. 2*90. 
The heavy minerals other than hornblende, chlorite, biotite and glauconite 
were found concentrated in the 200-270 mesh and finer fractions. 

The heavy minerals present, other than those just mentioned, are apatite, 
zircon, tourmaline, garnet, leucoxene, black iron oxides, rutile, pyroxenes, 
marcasite and (?)corundum. 

The apatite occurs chiefly as idiomorphic prismatic crystals, or broken 
fragments of such crystals, but partly as water-worn and rounded grains. A 
variety of types are present. Many of the grains are colourless and water clear, 
in some instances with fine internal striations. Others are ‘ dusky ' apatites, 
which contain numerous dark fibrous or rod-like inclusions, in parallel bundles, 
either in the core of the otherwise colourless crystal, or localized in part of it. 
In some crystals the inclusions are black, in others they are pleochroic from 
brown to black or purple. In yet other grains the crystal enclosing the fibres 
is itself coloured brown or purple, and is pleochroic ; and in some instances 
the inclusions are so closely crowded that the apatite grain appears almost 
opaque. Less commonly the apatite grains are strongly coloured brown or 
purple, and show strong pleochroism in these colours, but are free from visible 
inclusions. Such apatite can be mistaken for tourmaline. 

In one specimen, UP. 125, the apatite predominates almost to the exclusion 
of zircon, which tends to increase in the finer fractions. In the other two, the 
amount of zircon about equals that of apatite. The zircon is a colourless 
variety, and varies in shape from well-formed crystals or crystal fragments, 
to well rounded grains. There is no pink zircon, such as characterizes the 
Miocene greywackes of the Aure Trough. 

Tourmaline is the third most abundant of the transparent heavy minerals, 
and in hJP. 125 is more abundant than the zircon. It is chiefly a brown variety, 
pleochroic to pale brown or colourless. There is also a little smoky grey-brown 
to blue tourmaline, and an occasional grain pleochroic from pink to green. 
Some grains have a prismatic outline, and some are angular, but commonly 
the tourmaline grains are well rounded, and some are practically circular in 
section. 

Garnet is almost as abundant as tourmaline. It occurs as angular, and 
as rounded fragments. Some is colourless, some faint pink and some brown. 
The occasional grains of rutile are of two types, a foxy-red variety, and a yellow 
variety, the former being the more common. Most of the rutile grains are 
prismatic, or fragments of prisms, but some grains are rounded. 

Pyroxene occurs as an occasional colourless grain with good cleavage and 
a high extinction angle (probably augite), and as a very occasional grain of 
hypersthene, pleochroic from pale green to faint pink. Epidote occurs as 
irregular yellow grains, and there is a very occasional grain of (?) corundum, 
with irregular blue areas in otherwise colourless grains. 

Leucoxene is abundant, generally as somewhat waterworn grains, some of ( 
which contain relicts of the original ilmenite. The unaltered or only slightly 
altered opaque iron oxide minerals are still more abundant. Some grains con¬ 
sist of magnetite, because they jump to a hand magnet, others which do not 
are presumably ilmenite. In addition there are occasion small globular grains 
of iron sulphide (marcasite?). 

The Crystalline Matrix 

The matrix of the rock, which constitutes from 15 to 40 per cent of it 
consists partly of chlorite, partly of finely divided quartz, felspar, sericite and 
other minerals together with rock fragments, and partly of grey opaque matter, 
presumed to be clay. In some sections minute grains of epidote occur through* 
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out the matrix, associated with the chlorite. The chlorite in the matrix is 
authigenic, and derived from the alteration of the finely divided ferromag- 
nesian minerals in the matrix during diagenesis. I11 places the chlorite occurs 
as finely disseminated particles of a size appropriate to such mineral fragments. 
Some of it, however, occurs as films cementing large mineral grains together. 
Such chlorite has a fibrous or columnar texture, the fibres all having their long 
axes normal to the surface of the cemented mineral grains. This chlorite has 
clearly been introduced to its present position during diagenesis. The greater 
part of the matrix appears, however, to be a primary component of the rock, 
rather than an introduced cement. 

Grain Shape 

The free mineral grains are highly angular, often with projecting corners, 
but apart from the schist fragments show little tendency towards elongation. 
A proportion of the felspar grains are elongated or prismatic in shape, but the 
majority are of irregular shape, with length and breadth not greatly different, 
so that they appear to be fragments of originally larger felspar grains. Similarly, 
a proportion of the quartz fragments are elongated splinters, but the majority 
of the grains are more or less equidimensional. The biotite and mica grains, 
on the other hand, and the schist fragments, show a pronounced tendency 
towards elongation, and tend to lie with their long axes parallel to the bedding 
planes of the rocks. Bedding is marked more by variation in proportion of 
mineral fragments and matrix, however, than by parallel orientation of elon¬ 
gated grains. 

Grain Size and Degree of Sorting 
Though friable, the majority of the specimens were sufficiently compacted 
and hard that they could not be broken down easily into their discrete grains. 
One, however, UP.125, tended to disintegrate when soaked in water and the 
resulting fragments could be disintegrated by pressing with the fingers under 
water, so it was selected for sizing. This was the specimen chosen also^ for 
chemical analysis, as more or less representative of the six specimens. The 
pulped sample was submitted to the Melbourne Ore Dressing Laboratory for 


Table 2 

Sizing Analysis of Purari Greywacke 


Tyler Mesh 

Aperture mm. 

Purari Greywacke 
UP.125 

Aure Greywacke 
UK.797 

+ 14 

1 -168 

— 

o-6 

+ 18 

0-830 

— 

i ‘5 

+ 28 

0-589 

— 

3*5 

+ 35 

0-417 

— 

5*5 

+ 48 

0-295 

0-7 

6-5 

+ 65 

0-208 

3'4 

8-3 

4 -100 

0-147 

9-5 

11-9 

+ 150 

0-104 

12-8 

12-3 

+ 200 

0-074 

24" 1 

11 '5 

+ 270 

0-053 

i 3 *i 

5 "4 

+325 

0-043 


33 ’° 

-325 


34 ' 6 J 



sizing analysis. It was treated with a wetting reagent (Aerosol), and rolled in 
bottles for 12 hours. It was then wet-screened through 300-mesh and 325-mesh 
Tyler screens, and the oversize dried, and dry-screened on all screens over 
300-mesh. 
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The sizing analysis is set out in Table 2, together with the sizing analysis 
of the most closely comparable of the Aure greywackes (UK.797), for com¬ 
parison. This is the finest-grained of the Aure greywackes, and the results 
show that the Purari greywackes are still finer grained. 

The Purari rocks are ill-sorted, in that they have a high content of argil¬ 
laceous matrix (more than 30 per cent of the rock), in which respect they 
resemble the Aure rock. The sand fractions, however, are distinctly better 
sorted than the equivalent fractions of the Aure rocks. About 65 per cent of 
the sand-size grains (50 per cent of the rock) occurs in three adjacent fractions, 
the -(-150, -j-200 and +270 mesh fractions, with a range in aperture width of 
from 0-05 mm. to 0-15 mm,, as compared with a spread over five adjacent 
fractions, with a range of 0-050 mm. to 0*30 mm. for the most comparable Aure 
greywacke. The average grain size of sandy grains in the Purari greywacke 
is 0-075 mm. diameter. 

Specific Gravities 

The specific gravities were determined for two specimens UP.116 and 
UP. 125, and are given in Table 3. The determinations were made on powdered 
rock in a pycnometer, using 10 gram samples of the air-dried rock as submitted. 
The powders were immersed in distilled water at io°C. in the pycnometer, and 
then evacuated with a hand pump until no renewed emission of bubbles could 
be detected on further reduction of the pressure. 

A determination of apparent specific gravity of the uncrushed rock was made 
on a weighed lump of UP.125, by immersing the lump in a covered measuring 
cylinder containing distilled water, and noting the immediate displacement 
and subsequent displacement of the water. This gave a value of 2-36, as 
against 2-594 for the powdered rock. 


Table 3 

Specific Gravities, Absorption Ratios and Porosities of Purari Greywackes 


Rock 

Specific 

Gravity 

Absorption 

Ratio 

Porosity 
(dried at 
no°C.) 

Porosity (by 
immersion in 
measuring cylinder) 

UP.116* 

2-504 

4-0 

9-2 

— 

UP.125* 

2-594 

io-i 

20-7 

— 



10-2 

20-9 

— 

UP.i2 5 f 

2-36 

— 

— 

20-0 


* powdered rock f lump of rock 


Porosities 

The ratios of absorption and the porosities of UP.116 and UP. 125 are also 
given in Table 3. In making these determinations, cuboid blocks of the natur¬ 
ally air-dried specimens were broken out of the specimens with a cold chisel, 
and weighed. The blocks were immersed in cold distilled water, and evacuated 
with a hand pump, after which they were left immersed under atmospheric 
pressure for 10 days. The specimens of UP. 125 developed cracks and began 
to spall within half an hour of immersion, and the determination had to be 
concluded on the residual uncracked fragments of the original blocks. The 
surfaces were ‘ blotted ’ with a dry towel, and the blocks weighed, after which 
they were dried in an air oven at iio°C. to constant weight. 

A check determination on UP. 125 was made by immersing a block cut to 
a near fit in a measuring cylinder, and noting the volume of water displaced 
at the moment of immersion, and at the end of ten days. As will be seen from 
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Table 3, the two methods gave a reasonable agreement. Specimen UP.116, 
which was more compacted than UP. 125 had much the lower porosity, and 
it is thought unlikely that a rock with more than 30 per cent of fine matrix 
could have a true porosity as high as 20 per cent. It seems probable that a 
proportion of the moisture absorbed by UP. 125 was taken up by the matrix 
minerals, and that the resulting expansion was responsible for the cracking 
and spalling of the rock. 

Chemical Analysis 

A chemical analysis of UP. 125 was made by Messrs. Avery and Anderson, 
analytical chemists, and is set out in Table 4, together with ananalys is of 
! Aure greywacke, UK. 1042, for comparison. The Purari greywacke is distinctly 
richer in Si 0 2 and poorer in A 1 2 0 3 , CaO, MgO and Na 2 0 than the Aure rock 
as befits its mineral composition. It contains much more FeO, and less Fe 2 0 3 , 
which is in keeping with the nature of its ferromagnesians, and more P 2 0 5 and Cl 
as would be expected from its richness in apatite. It is rather richer in iron 
oxides, and poorer in MgO, CaO and Na 2 0 than most analysed greywackes; 
and it is probable that analyses of some of the other specimens, such as UP.112 
1 or UP.122 would more resemble the Aure greywackes in composition, since 
they contain more felspar. However, the absence of basic plagioclase, which 
is the prevailing felspar in the Aure rocks, would militate against close similarity. 

^ Table 4 

Chemical Composition of Purari Greywacke 

0, 


Component 

Purari Greywacke 
UP.125 

Aure Greywacke 

UK.1042 

Si 0 2 

65-18 

53*30 

A 1 2 0 3 

13-85 

18-33 

Fe 2 0 3 

1-30 

2-41 

FeO 

5'43 

2-36 

MgO 

i-8 7 

2-62 

CaO 

0-72 

5 * 88 

Na 2 0 

1 -48 

2*18 

K ,0 

1 -6o 

1-72 

H 2 0 no°C. 

3-94 

3*14 

H 2 0 - no°C. 

2-IO 

5*74 

co 2 

tr. 

1 -oo 

Ti 0 2 

0-90 

0-84 

p 2 o 5 

0-38 

0-28 

MnO 

0-22 

0-08 

Cl 

0-16 

°*°3 

S 0 3 

0*90 

0-08 


ioo-o8 

99*99 


edl . Analyst.s : Messrs. Avery & Anderson 

fit 

an Origin of the Greywackes 

be From the evidence of the rock fragments they contain, it is clear that the 
tic Purari greywackes are derived in part from sedimentary schists and mudstones, 
.4 an d in part from andesitic tuffs, or related rocks ; but these rocks supplied 
only a small proportion of detritus. The bulk of the rock apart from the matiix, 
tf consists of grains of clear quartz, orthoclase and acid plagioclase, which appear 
:ec to be fragments of originally larger grains of these minerals, so that in all 
)iii probability the chief source rocks were granitic in character, the prevalence 
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of common hornblende and biotite among the ferromagnesian components 
supports this, and so does the dusky apatite and tourmaline of the heavy 
constituents. Dusky apatite appears to form during the breakdown of basaltic 
hornblende in trachytic lavas (Edwards, 1938), but in the absence of such rocks 
is probably a reaction product of contaminated granitic rocks (Baker, 1941). 

The chemical composition of the analysed Purari rock agrees with this 
interpretation of the rocks as largely resorted granitic material. The abundant 
well-shaped crystals of apatite, zircon and other minerals, among the heavy 
constituents also require an igneous source rock, whereas the well-rounded 
grains of these minerals arc probably/ derived from older sediments. The 
minerals of the matrix are largely from the same general sources. 

Conditions of Deposition 

The occurrence of fossiliferous marine shell bands and of beds with plant 
remains such as Sfthenopteris, coupled with grains of glauconite indicates that 
the sediments were deposited under marine conditions, close to a coastline. 
The massive bedded character of the rocks, coupled with freedom from current 
bedding, and their ill-sorted nature, as reflected by the association of a primary 
crystalline and clay matrix with sandy fractions, indicates that they were 
deposited by the discharge of sediment into still and relatively deep water 
(within the limits of the neritic zone). The presence of interbedded thin mud¬ 
stone beds indicates that the supply of fine sediment was more or less contin¬ 
uous, while the supply of the more sandy fractions was occasionally interrupted. 
Finer fluctuations in the proportions of fine and coarse sediment being deposited 
are marked by a fine stratification, resulting from variations in the relative 
proportions of matrix and sand grains, that can be seen in some of the thin 
sections. The bands are of slightly different colour, darker bands corresponding 
to increased matrix, and are 1 to 3 mm. thick. 

The unstable nature of the felspar and hornblende (labile components), 
and the angular form of the grains, points to rapid and vigorous erosion and 
transport from the source to the point of discharge, so that the conditions 
attending deposition are parallel to those deduced for the Aure greywac.kes. 
The finer-grained, and better-sorted character of the sand fractions in the 
Purari rocks, suggests, however, that either the detritus was transported a 1 
longer distance than the detritus of the Aure rocks, or under less vigorous 
conditions that permitted better grading, or else that the source material was I 
of more uniform grain size than that which supplied detritus for the Aure 
greywackes. The abundant well formed apatite crystals in the heavy fraction 
suggests that much of the material was transported only a relatively short 
distance, in view of the extremely unstable nature of this mineral. 

Comparison with the Aure Greywackes 

Despite the general resemblance between the Purari and Aure greywackes, 
which is such that in the hand specimen the Purari greywacke might be mis¬ 
taken for a fine-grained Aure greywacke, the petrological examination has 
revealed a number of distinctive differences as listed below : 

1. 'The Purari greywackes are distinguished by the presence of glauconite, 
which does not occur to any extent in the Aure rocks. 

2. The Purari rocks contain a notable amount of quartz, which is practically 
absent from Aure sediments of similar grain size. 

3. The felspars in the Purari greywackes are orthoclase and acid plagioclase, 
in about equal proportions, whereas the felspars in the Aure greywackes 
are predominantly basic plagioclase, with little or no orthoclase. Moreover, 
the plagioclase grains in the Aure rocks are clearly the equivalent of felspar 
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phenocrysts of andesitic lavas, and tend to a lath-shaped form, whereas 
those in the Purari rocks appear to be fragments of originally coarser felspar 
ic crystals, derived from a granite or granodiorite. 

4. The hornblende in the Purari greywackes is a common hornblende, such as 
might be found in a granitic rock, whereas the Aure rocks contain a variety 
isj of hornblendes such as are found in andesites, including basaltic hornblende, 
it) 5. Pyroxene is an unusual mineral in the Purari sediments, but is present in 
some abundance in many of the Aure rocks. 
i 6. Fragments of igneous rock, chiefly a variety of andesites are a conspicuous 
component of the Aure rocks, whereas in the Purari rocks andesitic frag¬ 
ments are inconspicuous, and show much less variety of composition. 

7. Practically every section of the Aure greywackes includes one or more 
sections of microfossils ; microfossils are absent, or practically absent 
tt* from the Purari rocks. 

! 8. The heavy mineral suites of the two series are distinctive. In addition to 

glauconite, the Purari greywackes contain an abundance of apatite, in¬ 
cluding colourless, fibrous or ‘ dusky ' and coloured forms, whereas the Aure 
rocks contain only a small amount of colourless apatite. The Purari rocks 
contain an abundance of tourmaline, whereas the Aure sediments contain 
only small amounts of tourmaline. The Aure rocks contain two varieties 
of zircon, a colourless zircon, which may be water worn, and a distinctive 
pink zircon, which nearly always has perfect crystal shape. The Purari 
greywackes, by contrast, contain only colourless zircons. 

These differences, while they have great diagnostic value, arise from for- 

j tuitous differences in the terranes from which the two groups of sediment 
derived their material. They have little or no significance as regards the 
: classification of the rocks. 
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PETROLOGY OF No. 3 TUNNEL, KIEWA HYDRO-ELECTRIC SCHEME 

BOGONG, VICTORIA 

by George Baker, M.Sc. 

[Read n December 1947] 

Abstract 

The rocks of No. 3 Tunnel, Bogong, consist of mesocratic granodiorite intruded into 
pre-existing regional metamorphic rocks (?Ordovician), and injected by a group of leuco- 
cratic and melanocratic dyke rocks including granodiorite aplite, dioritic lamprophyres 
and moncliiquite. Metasomatism and shear post-dated the dyke intrusions and resulted 
in the introduction of secondary sulphides, the formation of epidote, zoisite and chlorite 
in parts of nearly all the rock types present, the formation of pug seam in parts, shear 
zones and slickensided joint planes in others, and the introduction of calcite and quartz 
veins, more particularly in the shear zones. 

Introduction 

The Bogong area is 150 miles north-east of Melbourne. No. 3 Tunnel, five 
miles south-west of Mt. Bogong, was made by the State Electricity Commission 
of Victoria, in connection with the Kiewa Hydro-Electric Scheme. The tunnel 
is 16 feet in diameter and approximately one mile long, extending from the 
Junction Dam (Lake Guy) in the south, to Clover Flat in the north (Fig. 1). 

The rocks comprising the walls of No. 3 Tunnel were inspected by Professor 
E. S. Hills and the author in November, 1941. Professor Hills prepared the 
field notes. 

Grey granodiorite forms the major part of the tunnel walls and roof, and 
is encountered more particularly at the northern end of the tunnel, where for 
a distance extending between 3,700 and 4,400 feet from the tunnel opening at 
the southern end (see Fig. 2), the rock is almost exclusively grey granodiorite. 
Red, pink and greenish-coloured granodiorite, in part pyritised and strongly 
metasomatised, occurs frequently in narrow zones between 1,100 and 3,700 
feet from the south end of the tunnel. 

From the tunnel entrance at the southern end to 1,000 feet northerly, the 
principal features of the granodiorite are its xenolith content and the presence 
of acid and basic schlieren in various stages of reconstitution. Xenoliths and 
dots of ferromagnesian minerals are also prominent in the grey granodiorite 
in the vicinity of the surge tank (see Fig. 2). 

Numerous melanocratic, lamprophyric dykes and leucocratic, acid dykes 
and veins cut the granodiorite. They occur principally over a length of 3,500 
feet from the south end of the tunnel.* 

Quartz veins were noted as follows—(1) cutting a pug seam in the grano- 
diorite at 820 feet, (2) in a spessartite dyke at 1,100 feet, (3) in grey granodiorite 
at 1,425 feet and (4) in pink granodiorite at 1,875 feet. 

Slickensided shear planes are evident in the granodiorite at 2,205, 2,285 
and 2,335 feet. 

I he locations of dykes, veins, zones of shear and zones where metasomatism 
has occurred, are indicated in Fig. 2. Calcite veins are associated with some 
°f the metasomatised zones. 


all distances in feet are measured from the south end of the tunnel. 
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Fig. i. Sketch locality map, to show site of No. 3 Tunnel, Kiewa river, Bogong. (Based on 
plan of Kiewa Hydro-Electric Scheme, prepared by the State Electricity Commission 
of Victoria). 

The Granodiorite 

Nature of the Granodiorite 

The granodiorite is a medium, even-grained rock of light to darker grey 
colour, with occasional bladed crystals of hornblende up to 15 mm. long and 
3 mm. across. The major constituents are quartz, oligoclase in excess of ortho- 
clase (see Table 1), and biotite in excess of hornblende. The accessory minerals 
are apatite, zircon, orthite and iron ore minerals. A few of the apatite crystals 
possess coloured pleochroic cores. 
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Petrology of No. 3 Tunnel, Kiewa Hydro-electric Scheme 
Micrometric Analyses 

Micrometric analyses of the several colour and textural varieties of the 
granodiorite from No. 3 Tunnel at Bogong, show variable percentages 
(by volume) of the minerals present. 


Table i 



I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

Quartz.. 

25-5 

28-5 

3°‘9 

32-5 

3 i -3 

44-2 

16-9 

24-9 

28*7 

25-1 

Biotite. . 

9*6 

6-9 

9-1 

13-1 

7-3 

20-9 

20-4 

12-3 

12-2 

16-3 

Orthoclase 

19-9 

12-8 

18-0 

14*5 

16-1 

— 

27-0 

8-4 

17-5 

15-5 

Plagioclase 

43*3 

487 

39-8 

37*4 

41 ‘i 

14-8 

3°‘9 

497 

37-8 

37-3 

Hornblende . . 
Cordierite and 

i -3 

2*1 

o-6 

o-i 

1 -o 

— 

1 -6 

3‘5 

2-2 

1 -o 

Muscovite . . 

— 

— 

— 

— 

— 

1 7 ‘9 

_ 

__ 

_ 


Accessories 

0-4 

I -o 

i-6* 

2 * 4 * 

3 - 2 * 

2-2 ,/ 

3*2 

I -2 

1 -6 

4-8 

Ratio 0 : P 
Total ferro- 
maguesian 
minerals and 

1 : 2-2 

1:3-8 

1 : 2-2 

1:2-6 

I : 2-5 


1 : i-i 

i : 5’9 

1 : 21 

I 2-4 

accessories .. 

11 '3 

io-o 

11 -3 

15-6 

n*5 

23-1 

25-2 

17-0 

16-0 

22-1 


* =» with epidote ; " = with sillimanite and diopside. 


I—normal grey granodiorite, 2,095 feet. 

II—normal grey granodiorite, 4,015 feet. 

III— pale pink granodiorite, average of four samples from different parts of the 

tunnel. 

IV— pale pink to greenish-coloured granodiorite, average ol two samples. 

V—greenish-grey granodiorite, 3,455 feet. 

VI—basic schlieren, 615 feet. 

VII—gratiitiseil xenolith, 4,323 feet. 

VIII—granitised xenolith, 870 feet. 

IX—granodiorite at contacts of xenoliths, average of three samples. 

X—granodiorite at contacts with melanocratic dykes, average of two samples. 

In the metasomatised granodiorite (Table 1, Nos. Ill to V), chlorite is 
included in the biotite percentages. The ratio of plagioclase to orthoclase 
felspar throughout the granodiorite samples in Table 1 is in keeping with Hatch’s 
2 : 1 ratio for typical granodiorite rock. 

The higher combined percentage values for ferromagnesian and accessory 
minerals for some varieties of the granodiorite, are due to added constituents 
from contamination b}^ assimilation. This is particularly marked in the 
micrometric analysis of granodiorite in contact with xenoliths (Table 1, No. IX); 
the trend can be observed by comparison of Nos. I and II with Nos. VII, VIII 
and IX in Table 1. The greater content of ferromagnesian plus accessory min¬ 
erals in some of the metasomatised portions of the granodiorite (Table 1, Nos. 
Ill to V), is also due to previous contamination by assimilation. The accessory 
mineral percentages of these portions (Table 1, Nos. Ill to V) of the granodiorite 
include calcite, epidote and orthite, in addition to the normal primary acces¬ 
sories zircon, apatite and iron ore minerals. In the basic schlieren (Table 1, 
No. VI), the accessory minerals are largely sillimanite, diopside and zircon. 

The increased quartz content in the metasomatised portions of the grano¬ 
diorite (Table 1, Nos. Ill to V), averages 4*5 per cent and points to the metaso- 
matic solutions being silica-bearing. Except in the basic schlieren, hornblende 
is persistent, although generally of small amount, throughout the granodiorite 
varieties and contained xenoliths. Like biotite, the hornblende tends to occur 
in greater amounts in contaminated portions. 
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Fig. 2. 

Longitudinal section from North to South through No. 3 Tunnel, Kiewa river, Bogong 
(Based on section prepared by State Electricity Commission of Victoria). Showing 
tions of dykes and veins, schlieren and xenoliths, and planes and zones of shear an 
somatism. Figures arranged along vertical lines indicate heights above sea level. Liv 
arranged along floor of tunnel indicate distances in hundreds of feet from the soutner 
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Petrology of No. 3 Tunnel, Kiewa Hydro-electric Scheme 

Heavy Mineral Analyses of the Granodiorite and Xenoliths 

The index numbers (Table 2) of the several varieties of the granodiorite 
and its contained xenoliths and scldieren, represent the weight percent of 
minerals having a specific gravity greater than that of bromoform (sp. gr. =2-88) 
in which they were separated from the light minerals. 


Table 2 


Variety 

Distance from 
south end of 
Tunnel 

Index 

Number 

Variation 

Factor 

Pinkish-green granodiorite 

3,065 feet 

4’4 

M 

Normal grey granodiorite 

4,115 feet 

9‘5 

P 

Red granodiorite 

2,105 feet 

io-6 

M 

Normal grey granodiorite 

4,341 feet 

11 *4 

P 

Pinkish-green granodiorite 

2,535 feet 

12-0 

M 

Normal grey granodiorite 

3,015 feet 

12*1 

P 

Pale pink granodiorite 

1,695 feet 

14*0 

M 

Granitised xenolith 

870 feet 

21-8 

C 

Basic schlieren 

615 feet 

31-8 

C 


The variation factor M connotes metasomatised varieties, P refers to the fact that 
most of the mineral species in the heavy residues are primary constituents of the normal 
granodiorite, and C signifies contamination. 


Two principal factors affecting index number variation are (a) the degree 
of dissemination and ‘ strewing ’ of contamination products, and (b) the 
amount of mineral matter newly introduced during metasomatism. Variations 
in the index numbers from 9*5 to 12-1 in the normal grey granodiorite, are 
ascribed to the effects of contamination. The variation, however, is not great 
when compared with other Victorian granocliorites, which have an average 
index number of approximately 13, with values over 15 indicating considerable 
contamination (Baker, 1942). On this basis, the granodiorite in No. 3 Tunnel, 
Bogong, has not been subjected to extensive contamination by assimilation. 
Metasomatism, however, has played some considerable part in affecting the 
index numbers, the variation being from 4*4 to 14*0. The general effect has 
been to lower the index numbers, largely as a result of bleaching of the ferro- 
ruagnesian minerals in parts, with the concomitant formation of products of 
lower specific gravity. Index numbers larger than those for the normal grey 
granodiorite, are due in the metasomatised portions, to the introduction of 
secondary sulphide minerals. 

The mineral species in the heavy mineral assemblages throughout the gran¬ 
odiorite, remain much the same for the several varieties investigated, the main 
variant being the amounts of each present. 

Of the various minerals in the heavy mineral assemblages, magnetite is 
abundant throughout and considerably in excess of ilmenite. Biotite is the 
most abundant mineral both throughout the assemblages and in any one heavy 
mineral suite, being greatly in excess of hornblende in all instances. 1 he 
amounts of chlorite and secondary white mica vary from assemblage to assem¬ 
blage according to the degree of metasomatism suffered by the granodiorite. 

Minerals introduced by secondary solutions are pyrite and pyrrhotite, 
usually in small quantities, Minerals formed by the metasomatism of pre¬ 
existing minerals are epidote and zoisite, which vary considerably in amount 
in the assemblages. 

Among the primary accessory minerals, apatite is more common in the con¬ 
taminated portions of the granodiorite. Occasional stumpy, prismatic crystals 
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of apatite with coloured cores, are pleochroic from purple to brown. Zircon 
is rather more common than apatite in the less contaminated granodiorite, 
occurring usually as clear, colourless crystals, rarely as zoned crystals, and 
sometimes as crystals containing a few minute inclusions. The zircon crystals 
are usually small and sometimes show acicular habit. Sphene and orthite are 
rare in the heavy mineral assemblages. Occasional sillimanite and diopside 
are represented in the heavy mineral assemblage of the basic schlieren, which 
also contains very rare, pale yellow crystals of zircon, a variety not found 
in the granodiorite. 

The heavy mineral assemblage of the -granodiorite from No. 3 Tunnel, 
Bogong, generally resembles that of the ' Tawonga ’ granodiorite (Baker, 1942). 
The term ' Tawonga ' refers to granodiorite sampled by Mr. D. McCance, from 
outcrops south of No. 3 Tunnel, the township of Tawonga being some 20 miles 
to the north-west. Now that this area has been opened up by the State Elec¬ 
tricity Commission of Victoria, a more precise location can be rendered for 
the ‘ Tawonga ' sample. The sample formerly examined (labelled ' Tawonga ’) 
came from near the snow poles, three quarters of a mile east of the projected 
boundary of the Rocky Valley Reservoir (see Fig. 1), approximately 8 miles 
south-east of No. 3 Tunnel. The high index number (18.3) for the ‘ Tawonga' 
sample, is evidently a result of more extensive contamination than obtained 
in the No. 3 Tunnel granodiorite. Like the granodiorite from No. 3 Tunnel, 
Bogong, the ' Tawonga ’ occurrence has been similarly partially metasomatised. 

Variations in the Granodiorite 

The non-uniformity of the granodiorite is due to two principal factors 
(a) contamination by assimilation, and (b) metasomatism, (a) The granodiorite 
is contaminated in the neighbourhood of many of the xenoliths, and on a 
larger scale near the south end of the tunnel, where basic schlieren are common. 

All xenoliths observed have been granitised, some more so than others, 
but all to such a degree that no palimpsest structures are preserved in any of 
them. The more granitised of the xenoliths contain orthoclase, orthoclase- 
perthite and a little microcline, which together are often in excess of plagioclase. 
Many of the felspars are poikilitic. Some of the plagioclase crystals occur as 
jacketed laths (cloudy centres with clear rims) in xenoliths having plagioclase 
in excess of orthoclase. Quartz is sometimes developed in the xenoliths as 
pools in optical continuity. Orthite and apatite with coloured pleochroic 
cores also occur in the xenoliths, where they have been generated during pro¬ 
cesses of reconstitution. These are regarded as contamination accessory minerals 
where found in the granodiorite itself. 

A two-way migration of mineral constituents has occurred between the 
xenoliths and the granodiorite magma, the xenoliths mainly become enriched 
in quartz and potash felspar, the granodiorite in biotite, hornblende and 
xenoerysts of orthite and apatite with coloured cores, 

Basic schlieren are especially well developed in the granodiorite of the tunnel 
between 585 and 695 feet. Here they dip 30° to the north-east. They are 
associated with occasional acid schlieren that consists mainly of quartz and 
oligoclase. In the basic schlieren, well-marked bands of quartz and orthoclase, 
with some orthoclase-perthite alternate with bands of biotite and accessory 
apatite and zircon. In parts, as at 585 feet, large felspars up to inches across 
have been formed in the schlieren. Sillimanite, cordierite, muscovite and 
strained quartz crystals in the schlieren, are original minerals of the incorporated 
country rock. With more advanced reconstitution of the basic schlieren 
(PI. XVIII D), sillimanite has been made over to aluminosilicates (felspar, etc.) 
crystallising from the granodiorite, but cordierite and muscovite persist into 
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later stages. At the same time, oligoclase becomes dominant over orthoclase, 
and quartz is generally sutured although non-strained. 

(b) Paulopost alteration of the grey granodiorite is associated with narrow 
but numerous shear zones. As a result of metasomatism, pale pink, deeper 
pink to red, pinkish- to greenish-coloured and less frequently greenish-grey 
to dirty white varieties have been developed in the granodiorite. 

Alteration (PI. XVIII C) is most pronounced along shear planes and narrow 
zones, and varies from a fraction of an inch to a few feet across. The greenish 
colour of parts of the altered granodiorite is due to the prevalence of chlorite 
and epidote. The red colour is due to microscopically thin films of hematite, 
the pink to hematite and limonite. Dirty white varieties have resulted from 
complete bleaching effects by the more intensely active rnetasomatic solutions, 
accompanied by removal of dissolved ions during propylitisation. 

In all these varieties, oligoclase remains in excess of orthoclase( see Table 1), 
but the oligoclase becomes more rapidly altered than the orthoclase. Thus in 
the pale pink portions, microcline and orthoclase-perthite remain clear, but 
the plagioclase felspars have been much altered to muscovite and zoisite. In 
deeper pink to red portions, both orthoclase and plagioclase felspars are much 
altered and reddish in colour due to secondary hematite films. In light green¬ 
ish-grey portions, both types of felspar have been profoundly altered. 

Both ferriferous and non-ferriferous varieties of epidote occur in the meta- 
somatised granodiorite, the less iron-rich varieties grading into zoisite. The 
conversion of biotite to chlorite increases with stronger metasomatism, epidote 
being formed along the cleavage traces, while rods of iron ore minerals and 
rosettes of sphene become more prominent. Where rnetasomatic solutions have 
been most active, the biotite in the granodiorite has been completely bleached 
and abundant leucoxene developed along cleavage planes. Hornblende was 
rapidly affected by the rnetasomatic solutions, because even in portions least 
altered by metasomatism, the hornblende is represented by clots composed of 
epidote-zoisit e-chlorite and a little biotite. In the more highly metasomatised 
portions of the granodiorite, some of the quartz shows strain polarisation due 
to accompanying shear. 

The Dyke Rocks 

Approximately forty dykes and veins occur between the incline at the south 
end of No. 3 Tunnel and the surge tank nearly 4,400 feet to the north (see 
i'ig. 2). The intrusions form part of the Bogong dyke swarm of post-granodiorite 
age. They were injected during a period of tension as 1 flash intrusions ’, 
causing strain shadows to be formed in the minerals of the granodiorite adjacent 
to the walls. 

The dykes all occur as single intrusions. They comprise a series of calcic 
minor injections grading from leucocratic acid types of the aplite family, 
through melanocratic intermediate to basic lamprophyric types (see fable 3) 
characterised by hornblende. The lamprophyres are the most numerous of 
the dykes in the tunnel. All of the dykes cut through the granodiorite with 
sharply-marked contacts. 

Size and Disposition of the Dykes 

The lamprophyric dykes are variable in width (see Fig. 2), but like many 
lamprophyres throughout the world (Brogger, 1894, p. 24 ; Read, 192O ; 
Reynolds, 1931 ; Richey, 1939, p. 405 ; Poitevin and Cooke, 1946, p. 88), 
they are relatively narrow, ranging from i| inches to thirty feet across. ^ 

The walls of the dykes are vertical or steeply inclined. Dips vary from 85 
vest of north and 70° to 75 0 east of north, to 85° west of south. Fourteen of 
the dykes strike approximately W30°N, two W85°N, two Wi 5 °S anc ^ ^ 0U1 
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\V35°S. Shear zones, pug seams and schlieren in the granodiorite, strike 
generally north-westerly, i.e., in the same direction as the majority of the 
dykes. It is deduced from the parallelism of most dykes, shear zones, joint 
planes, etc. in this area, that two principal sets of planes of weakness have 
controlled the directions of injection of the dyke rocks, the main emphasis 
being on the W30°N set. 

Age of the Dykes 

Beyond the fact that the dykes cut through the Bogong granodiorite, no 
direct evidence of age is available. Since none of the dykes intersect and 
composite dykes are unrepresented, the age relationships cannot be stated 
for the leucocratic and melanocratic dykes. The monchiquites show no apparent 
connection with the Older Volcanic (tertiary) basalt flows of the Bogong High 
Plains, and are related petrologically to the other melanocratic members of 
the Bogong dyke swarm. The dykes were injected prior to a phase of sulphide 
formation that accompanied metasomatic alteration by invading mineral¬ 
bearing solutions, and were followed by the injection of quartz and calcite veins. 

Petrological Types of the Dykes and Veins 

Types of dyke rocks found in No. 3 Tunnel, Bogong, are set out in Table 3. 
The list includes two dyke rocks collected among material dumped from the 
tunnel excavations (see * in Table 3), but not actually located in the tunnel 
walls, parts of which were heavily timbered and parts exceedingly dusty from 
blasting operations. 

Table 3 



Type of Dyke Rock 

Principal Ferromag- 
nesian Minerals 
present 


Granodiorite Aplite 

Microgranodiorite 

Biotite Granophyre 

Granodiorite Porphyrite* 


Leucocrates 

Biotite 


Dioritic Lamprophyres 

Spessartite (Hornblende Lamprophyre)— 
porphyritic and microcrystalline var¬ 
ieties, some unaltered, others meta- 
somatised 

Camptospessartite 

Augite Lamprophyre (one example*) 

Camptonite (metasomatised) 

Hornblende 

Melanocrates 

Hornblende, some 
augite and pseudo- 
morphs after olivine 


Monchiquite 

Pale purple augite, 
common augite and 
pseudomorphs after 
olivine 


The dyke rocks listed in Table 3 are not confined to the precincts of No. 3 
Funnel. Preliminary surface field work (unpublished) carried out by Mr. M. - • 
Condon for the State Electricity Commission, and bore cores from the neig * 
bourhood of the Ilydro-Electric Scheme in the Bogong region, have reveale 
occurrences that are allied to the acid and basic dykes encountered in ^ 
tunnel. In addition, samples supplied by Mr. D. McCance, show that dy' e 
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rock similar to the dyke met at 1,120 feet in the tunnel, occurs near the summit 
of Mt. Bogong, and an allied type occurs at West Peak (see Fig. 1) on the 
Bogong Ridge. 

The Leucocrates 

Quartz Veins. Quartz veins are uncommon and narrow in No. 3 Tunnel. 
They cut through metasomatised granodiorite, are associated with a few of the 
shear zones and pug seams, and have been injected along some of the dyke- 
oranodiorite contacts. Quartz has also been introduced into metasomatised 
portions of some of the dyke rocks, as at 2,265 feet, where small cavities, first 
lined with quartz crystals, were later infilled with calcite containing pyrite 
cubes. The quartz veins are of massive reef quartz containing a little pyrite 
and pyrrhotite, but no gold. 

Granodiorite Aplite. Injections of granodiorite aplite form the more common 
of the leucocratic dykes and veins, varying in width from £ inch to 3 feet 6 inches. 
They occur at 1,735, 1,895, 2,085, 2,815, 2,965 and 4,025 feet in the tunnel. 
At 4,025 feet, an aplite veinlet £ inch across, is flat-lying and offset 18 inches 
at its southern end. This displacement occurred during the subsequent devel¬ 
opment of vertical shear zones. Dark greenish-grey stringers of quartz occas¬ 
ionally traverse the central portions of the aplite dykes. They were introduced 
during subsequent metasomatism, rather than from the magma penecontem- 
poraneously with aplite injection. 

The granodiorite aplite is dense and has a fine-grained saccharoidal texture. 
The principal minerals are quartz, oligoclase in excess of orthocla.se, and a small 
amount of pyrite and non-ferriferous epidote. The rock is typically deep pink 
in colour, due to thin films of hematite along cracks and cleavages in the prin¬ 
cipal minerals. As in metasomatised portions of the granodiorite, the hematite 
seems to be a product of au t opneum at ol y sis. Ferromagnesian minerals are 
typically absent from the granodiorite aplite. 

Leucocratic Vein. A leucocratic vein, consisting largely of fine-grained 
quartz and felspar (Plate XVIIIB), intrudes contaminated granodiorite at 
the incline, southern entrance to the tunnel. Small veinlets of this rock paps 
out along narrow shear planes in the contaminated granodiorite. 1 he vein 
has picked up some of the constituents of the coarser-grained contaminated 
granodiorite, and the xenocrysts so formed have been drawn out along flow 
directions in the vein rock. 

Microgranodiorite. Microgranodiorite occurs near the tunnel entrance (south 
end) and at 2,125 feet (Fig. 2). it is essentially the same as the pink and 
pinkish-green metasomatised portions of the granodiorite, except that the 
grain size is approximately one third that of the granodiorite. The rock contains 
some microcline, oligoclase in excess of orthociase, and quartz. ( hlorite and 
epidote are well represented. 

Biotite Granophyte . Biotite granophyre from the incline, southern entrance 
to the tunnel (Fig. 2) is a grey, porphyritic rock composed of phenocrysts of 
biotite and occasional altered, zoned oligoclase in a fine-grained groundmass of 
quartz, orthociase, biotite shreds, epidote, zoisite and muscovite. Micrographic 
intergrowths are pronounced in the groundmass. 

Granodiorite Porphyrite. A pink-coloured porphyritic rock, found cutting 
blocks of granodiorite in the dump from the tunnel excavations, is regarded 
as granodiorite porphyrite. 

The phenocrysts consist of clear oligoclase in excess of orthodase-perthite, 
and turbid plagioclase replaced by secondary muscovite and epidote. Biotite 
phenocrysts are as numerous as, but much smaller than the felspar phenocrysts. 
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The groundmass is a fine-grained aggregate of quartz, oligoclase dominant over 
ortlioclase. chlorite and biotite. The rock, like most others from No. 3 Tunnel, 
has been subjected to some metasomatism. 

The Melanocrates 

Many of the melanocratic dyke rocks are little altered, although nearly all 
are sulphide-bearing. Several have been subjected to varying degrees of meta¬ 
somatism, as in comparable dyke rocks described by Junner (1921), by Broad- 
hurst and Campbell (1932) and by Thomas (1947). A few are so much altered 
that they can only be referred to as altered lamprophyres. 

The most frequent and wider of the melanocratic dykes are varieties of 
dioritic lamprophyre, of which hornblende spessartite is the most common. 
Three of the more basic lamprophyric dykes are felspar-free and referable to 
monchiquite* 

Textural variations are well-marked in the melanocrates. Among the dioritic 
lamprophyres, porphyritic types occur at 675, 1,455, 2,235, 2,435, 2,445 and 
3,155 feet (see Fig. 2). Microporphyritic types occur at 1,135 and 3,415 feet, 
fine to medium, even-grained, non-porphyritic types at 1,120, 2,665, and 
2,885 feet. Dykes of monchiquite occur at 2,495, 3,365 and 3,455 feet, and are 
microporphyritic. 

The grain size of the groundmass varies. It is microcrystalline in all of 
the monchiquite dykes and in the dioritic lamprophyres from 1,135, 2,325, 
2,435, 2,445, 2,665 and 3,155 feet, as well as at the edges of dykes at 2,885, 
and 3,415 feet. The groundmass is fine-grained in lamprophyres at 675 and 
1,455 feet, and coarser (fine- to medium-grained) in dykes at 1,120 and 3,415 
feet and in the centre of the 20 feet wide dyke at 2,885. 

The mode of intrusion of the melanocratic dykes was by forcible injection, 
cracks opening ahead of the molten rock as it flashed through the already con¬ 
solidated granodiorite. This is indicated to some extent at the edge of a meta- 
somatised camptonitic dyke, part of which is illustrated in Plate XIX. The 
edge of the dyke (dark-coloured portion in Plate XIX) is sharply marked, zoned 
felspars and other crystals in the granodiorite at the contact have been cut 
clean across, and a small vcinlet of dyke rock passes out along a shear zone in 
the granodiorite. The minerals of the granodiorite along this shear zone have 
been fractured and granulated. Granulation is most marked near the outer 
end of the vcinlet; the shear zone, which forms an acute angle with the edge 
of the dyke, dies out within a distance of a little- over one inch. Many of the 
minerals immediately adjacent to the more strongly marked zone of shear, 
show mortar structure resulting from granulation of crystal edges. 

Dioritic Lamprophyres 

Spessartite. Dykes referable to spessartite range in width from 6 inches 
to 25 feet. They arc principally hornblende spessartites, composed essentially 
of hornblende and plagioclase (oligoclase-andesine), usually as phenocrysts, 
sometimes with a small amount of quartz. The hornblende is characteristically 
the greenish to greenish-brown variety typical of intermediate rocks. Common 
augite is occasionally present. ] r 

The term f spessartite 1 is used for these dyke rocks, since ‘ microdiorite 
can be ruled out by their mineralogical character and because they are associated 
with granodiorite aplite, an association that is not characteristic of ‘ micro¬ 
diorite ' (Hatch and Wells, 1937, p. 252). The spessartites show no content 
of orthoclase, a felspar that is notably present in most, and probably all diorites 
(Hatch and Wells, 1937, p. 118) ; moreover, diorites have granitic texture, 
whereas these dyke rocks are lamprophyric, 
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Typical spessartite occurs in the tunnel at 1,120, 2,665 and 2,885 feet, 
microporphyritic spessartite at 1,135 and 3,415 feet, Porphyritic spessartite 
occurs at 1,455, 2,325, 2,435 and 2,445 feet. 

The spessartite is fine-grained, greenish-grey in colour and contains secondary 
sulphides, mainly pyrite, The principal minerals are green hornblende and 
oligoclase-andesine. Iron ore minerals are abundant, biotite is rare and always 
subordinate to hornblende. Interstitial quartz appears in occasional micro¬ 
graphic intergrowths. The principal secondary minerals are epidote, zoisite, 
chlorite and pyrite associated with a little calcite. Abundant, needle-like 
crystals of apatite are sometimes scattered, sub-parallel or en echelon in the 
groundmass. 

Metasomatism of the spessartite has developed ocellar texture in parts of 
some dykes. This is due to the formation of small ocelli (Smith, 1933 and Read, 
1926, p. 429) which resemble phenocrysts in the hand specimen, imparting to 
the rock a ' pseudo-porphyritic ’ texture. The ocelli consist of introduced 
calcite and quartz carrying cubes of pyrite. Metasomatically altered spessartite 
consists almost entirely of calcite, chlorite, quartz and muscovite replacing the 
original minerals. Small clots and crystals of yellowish colour are siderite. 

The edges of some of the dykes were subjected to rapid chilling - , as observed 
from comparison of thin sections from the centre and southern edge of the 
20 feet wide spessartite dyke at 2,885 feet. The edge is much finer-grained and 
has rather more basic plagioclase (andesine-labradorite) than central portions. 

Microporphyritic spessartite (dykes at 1,135 and 3,415 feet), contains spora¬ 
dic microphenocrysts of basic plagioclase in a finer-grained groundmass of 
plagioclase laths, ilmenite grains and patches of chloritic matter (in the 2 feet 
wide dyke at 1,135 feet). At 3,415 feet, where the spessartite occurs as a dyke 16 
feet wide, samples taken at two feet intervals across the dyke, revealed on 
sectioning that the rock is generally fine-grained but has much denser edges. 
Away from the edges, microphenocrysts and quartz pools are present ; the 
quartz has been secondarily introduced. In the metasomatised portions of 
this dyke, epidote and chlorite have replaced hornblende, and several of the 
felspars have saussuritised cores enveloped in jackets of clear plagioclase. 
Newly introduced minerals are quartz, calcite and pyrite. 

Porphyritic Spessartite. Porphyritic spessartites are sometimes regarded 
as camptonite, but camptonite is usually more basic and contains titanaugite, 
a mineral not represented in this particular group of the Bogong melanocrates. 

1 he more metasomatised members (e.g. at 2,445 feet) might have been originally 
camptonitic, but alteration is too profound for accurate determination of the 
original character of the augite. 

Porphyritic spessartite at 1,455 feet contains pink phenocrysts of saussuri¬ 
tised felspars stained with hematite and frequently outlined by partially 
developed rims of epidote. In other porphyritic spessartites, the felspar pheno¬ 
crysts have been calcified. The phenocrysts occur in a fine-grained, dark 
greenish-grey, felted groundmass. 

All of the porphyritic spessartites in the tunnel have been metasomatised, 
some much more than others. In them, hornblende is often partially replaced 
by epidote. Secondary minerals are quartz, epidote, chlorite, muscovite, 
pyrite and occasional siderite. 

I he porphyritic spessartite from 2,435 feet in the tunnel contains occasional 
large, clear, zoned and twinned oligoclase crystals. These have obviously been 
picked up from the granodiorite during dyke intrusion, and are therefore of 
xenocrystic character, like alien crystals recorded in lamprophyres by Doss 
(1:890, p. 27), by Darker (1892, p. 200), by Reynolds (193 1 ) and by Smith 
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(1933 and 1936). It is therefore not uncommon to find minerals of accidental 
origin in lamprophyres. 

Occurrences of quartz in the Bogong lamprophyres are of two types (a) 
xenocrystic, and (b) secondarily introduced from solutions. Those of xenocrystic 
origin are sometimes partially embayed, those of secondary origin (from solu¬ 
tions) are often ringed with epidote and chlorite which have been pushed 
aside during the growth of the quartz. 

Camptospessartite. This forms a dyke 30 feet wide between 655 and 685 
feet in the tunnel. The rock is porphyritic with phenocrysts of labradorite 
in a fine-grained, dense, dark groundmass containing small laths of andesine. 
Green patches in the rock are chloritic with associated actinolite and tremolite, 
minerals that were formed by the hydrothermal alteration of pyroxene. 
Similar aggregates of tremolite after pyroxene have been noted by Macgregor 
(1937, p. 467), and Junner (1921) noted actinolitic and tremolitic outgrowths 
on hornblende in diorite porphyrites and lamprophyres from the Wood’s 
Point-Walhalla district in Victoria. Iron ore minerals are common in the 
Bogong camptospessartite. Ferromagnesian minerals are represented by both 
brownish coloured hornblende, typical of the more basic types of igneous rocks, 
and greenish coloured hornblende, typical of less basic rocks. Quartz is wanting, 
and the characteristic secondary minerals are chlorite, epidote, zoisite and 
pyrite. 

On the basis of the presence of some brownish coloured hornblende and 
more frequent basic plagioclase phenocrysts than occurs in the spessartites, 
it is apparent that this dyke is a more basic phase than spessartite and approa¬ 
ches camptonite in mineralogical composition. Augite, however, which is 
typical of camptonite, is not present, unless certain patches of secondary 
minerals represent original augite. The available evidence indicates that the 
rock is an intermediate type between camptonite and spessartite, and is there¬ 
fore referred to as camptospessartite. 

Augite Lamprophyres. The 4 to 6 feet wide dyke at 3,155 feet is closer to 
camptonite in mineral composition. Normally, camptonite differs from spes¬ 
sartite in possessing purple augite, brown hornblende and occasionally a resi¬ 
duum of analcitc which often segregates in spots or ' ocelli,’ it resembles the 
lamprophyres in its pan idiom orphic crystallisation. In the No. 3 Tunnel sample, 
pale purple augite, basic plagioclase, iron ore minerals and chlorite are present, 
but no brown hornblende, so the rock is referred to as augite lamprophyre. 
Some of the chlorite is associated with serpentine in spherulitic growths and 
as alteration products of olivine, like examples described by Smith (1933) 
and by Poitevin and Cooke (1946). Calcite and sulphide minerals are present, 
indicating some degree of metasomatism. 

A more altered, porphyritic augite lamprophyre dyke (iA inches wide) 
obtained from the tunnel dump, represents metasomatised camptonite. The 
edges of the dyke (PI. XVIII A) are fine-grained and free of phenocrysts, but the 
central portions are crowded with basic plagioclase phenocrysts, characteris¬ 
tically containing sieved masses of the chloritic groundmass. Each phenocryst 
is enveloped by a clear rim of optically continuous plagioclase and has asso¬ 
ciated secondary white mica and zoisite. Other phenocrysts in the rock are 
much altered and consist of masses of bladed talc crystals and tremolite in a 
greenish-coloured, isotropic base. These phenocrysts represent completely 
altered hornblende or olivine crystals (cf. Richey, 1939, p. 410). Occasional 
eight-sided cross sections of partially altered augite are also present, some with 
small amounts of greenish-brown biotite (cf. Morrison, 1918, p. 134). The 
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al groundmass felspars consist of basic plagioclase laths, and they occur in a 

greenish-coloured, dusty matrix containing ilmenite. 

Monchiquite. The term monchiquite has been used in Victoria for certain 
i basic dykes occurring in the Central Victorian goldfields (Stillwell, 1912), and 
for others associated with the Older Volcanic (Tertiary) basalt flows (Jacobson, 
l IQ 37 an d Edwards, 1939). The Bogong examples are not quite the same as 
these monchiquites in texture or mineralogical composition, and are associated 
in space and probably petrologicallv with the dioritic lamprophyres of the 
■5 Bogong area. They are best regarded as felspar-free, basic lamprophyric dykes, 

to more basic than the camptonite group. They are more crystalline than the 

1 monchiquites associated with the Older Volcanic (Tertiary) scries in Victoria. 

e They do not have anal cite, or hornblende or iddingsite altering from olivine, 

' like many of the Tertiary dykes, and since they show evidence of having been 

1 sheared along with the other melanocratic dykes cutting the granodiorite at 

n Bogong, they pre-date shear and metasomatism in this area, and are presumably 

much older than the Tertiary monchiquites in Victoria. 

Narrow dykes of monchiquite, varying from 6 to 12 inches wide, are com¬ 
il parable in width to the majority of the monchiquite dykes in the Bendigo 

5 ’ goldfield (Stillwell, 1912). They are of dense texture and show a microporphy- 

ritic panidiomorphic texture. The microphenocrysts consist of altered olivine 
I( 1 and occasionally augite. The groundmass is composed of numerous laths of 
pale purple to colourless augite, abundant grains of iron ore minerals and some 
M glass. Secondary calcite is of amygdaloidal character in parts. One grain of 
picotite was observed. 

The edge of the monchiquite dyke at 3,455 feet is much denser than central 
portions, indicating chilling in contact with the granodiorite. Numerous 
minute cavities in parts of the edge of the dyke, sometimes contain isotropic 
le material fringed with birefringent fibres, forming structures resembling ocelli 
l " (cf. Smith, 1936, p. 368, and Boulton, 1911, p. 468). Some of the cavities have 
calcite centres. 

The 6 inches wide monchiquite dyke at 2,495 feet splits into narrower 
branches, and has been subjected to considerable alteration. Pseudomorphs 
s ' of calcite and chlorite after olivine crystals (some corroded) and after augite 
! laths, are common. They are set in a fine-grained chloritic groundmass con- 

ie tabling abundant iron ore dust. Veins of calcite traverse the rock in many 

e 'j directions. 

e Shear and Metasomatism 

All types of rocks forming the walls of No. 3 Tunnel, have been subjected 
]) in parts to either shear or metasomatism or both. 

Metasomatism 

The effects of metasomatism on the granodiorite and various dyke rocks 
ie‘ have been outlined in references to hydrothermal alteration under the sections 
t j dealing with the several rock types. 

Junner (1921) has shown that the narrow dykes of hornblende and biotite 
st lamprophyres that frequently accompany auriferous quartz reefs in Victoria, 
are without exception more or less hydrothermally altered. Occasionally the 
r< alteration is so intense that the original characters of some of these dykes are 
1 indeterminate, and the alteration products characteristic of propylitisation 
ly are never entirely absent. The same applies at Bogong, in No. 3 tunnel, 
al i where the principal effects of metasomatism have been— 

(i) partial bleaching of constituents in certain zones of the granodiorite, 
ie with the consequent formation of several colour varieties. 
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(ii) chloritisation, epidotisation and sericitisation of the ferromagnesian 
constituents in the granodiorite and in some of the less basic of the melano- 
cratic dyke rocks. 

(iii) chloritisation and serpentinisation of the ferromagnesian constituents 
of the more basic dyke rocks, with accompanying development of actinolite, 
tremolite and talc in parts of some of these dykes. 

(iv) saussuritisation of the felspars of all rocks containing primary felspars 
that were subjected to the chemical activity of metasomatic solutions, leading 
to the formation of zoisite, clinozoisite and secondary white mica. 

(v) calcification of both the amphiboles and pyroxenes and of certain of the 
felspars in the dyke rocks. 

(vi) introduction of pyrite and pvrrhotitc in altered zones of the granodio¬ 
rite and in most of the less basic of the melanocratic dyke rocks. 

(vii) introduction of secondary quartz in parts of the granodiorite and 
some of the altered dyke rocks. 

The processes producing hydrothermal alteration represent the final stages 
of igneous activity in the No. 3 Tunnel area. During the process residual car¬ 
bonate-bearing solutions invaded the various igneous rocks, resulting in mineral 
alteration and partial replacement by juvenile reactions. 

Shear 

In several parts of the tunnel, evidence of shear involving all the rock types 
present, is provided by the occurrence of pug seams, slickensided joint surfaces 
and numerous planes of movement of small amplitude. The zones so affected 
are indicated by the letters S. and S.M. in Fig. 2. At 4,025 feet, a shear zone 
6 inches to 1 foot wide, follows a flat-lying joint plane, indicating the develop¬ 
ment of horizontal as well as steeply dipping to vertical shear zones. 

Minor amounts of shear can also be noted in thin sections of some of the 
rocks. In the metasomatised camptonite (PL XVIII A) from the tunnel dump, 
a small shear zone through the central parts of the dyke, shows little lateral 
displacement but marked granulation of the minerals. Another small shear 
zone at the edge of this dyke, traverses both the metasomatised camptonite 
and the adjacent granodiorite. Metasomatised portions of the granodiorite 
occasionally reveal strain effects in quartz crystals in thin sections. In the 
contact between the spessartite dyke and the granodiorite at 2,435 feet in the 
tunnel, several small shear planes in the granodiorite trend parallel to the 
dyke walls, and the more brittle minerals in the granodiorite near the junction 
with the dyke have been granulated, while biotite has been contorted. The 
parallel shear planes also p>ossess granulated minerals. 

Shear planes are numerous and closely spaced in the 16 feet wide dyke oi 
spessartite at 3,415 feet. Generally, however, the melanocratic dykes have not 
been strongly sheared and crushed (ef, Tomkeieff and Marshall, 1940). Sheai 
planes are also well developed in contaminated granodiorite adjacent to the 
leucocratic dyke near the tunnel entrance, and in the monchiquite dyke and 
nearby granodiorite at 3,365 feet. r f 

f'he final phases of shear and metasomatism involved the introduction oi 
calcite, veins of which cut spessartite at 1,135 feet and monchiquite at 3 * 3^5 
feet. A calcite vein f inch wide, found on the tunnel dump, bifurcates through 
metasomatised granodiorite. Some of the quartz veins, varying from to h 
inches wide, were also injected during the end stages of shear and metasomatism. 

Jointing 

Joint planes in the granodiorite were best seen at the north end of the tunnel, 
between the surge tank and the rise (Fig. 2). Here, closely spaced, more 01 
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,nl less flat-lying joints have maximum dips of 8°. Steeply inclined joint planes, 
approximately at right angles to the flat-lying joint planes, occur in several 
intersecting sets. Three sets were most marked, striking in approximately the 
t> same directions as the majority of the dyke rocks in the tunnel, and dipping 
at 8o°. Flat-lying joints at 3,915 feet trend east-west, and similar joints at 3,415 
feet, pass through both the granodiorite and the 16 feet wide dyke of spessartite, 
indicating that they are tectonic joint planes, rather than due to shrinkage on 
cooling. 
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Descriptions of Plates 


Plate XVIII 

A—Jacketed felspars crowded in centre of narrow dyke of augite lamprophyre (probably metasomatised camp- 
tonite). Dyke has line-grained, chilled edges and cuts through fine-grained granodiorite. (x 0.75). 

B—Leucocratic vein cutting contaminated granodiorite from near south end of tunnel. Flow planes shown by 
orientation of biotite plates. Shear planes in contaminated granodiorite and dyke rocks are largely parallel to 
the walls of the dyke, (Natural size). 

C—Sheared and metasomatised granodiorite (Natural size). 

D—Basic schlieren. Darker areas consist of partially granitised gneiss, (x 0.75). 


Plate XIX 

Contact of augite lamprophyre (probably metasomatised camptonite) and granodiorite. Showing veinlet 
of dyke rock intruded at an acute angle to the walls of the dyke, and zone of shear formed in the grano¬ 
diorite ahead of the veinlet. (x 10). H 

(Photos, by Miss M. L. Johnston) 
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AN HYPOTHESIS RELATIVE TO THE AGE OF SOME WESTERN 
DISTRICT VOLCANOES, VICTORIA 

by Edmund D. Gill, B.A., B.D. 

[Read n December 1947] 

Abstract 

Volcanoes of proved Holocene age have ash spreads related directly to the present 
prevailing winds. A number of Western District volcanoes have ash spreads chiefly to 
the east, and this cannot be explained by the direction of present winds. It is hypothe¬ 
cated that during the Pleistocene the strong westerly winds now blowing over Tasmania 
(the ' Roaring Forties ') would blow over Victoria, and so account for the ash spreads to 
the east. If this hypothesis be correct, then the volcanoes with easterly ash spreads are 
Pleistocene in age. 

Introduction 

Most of the Western District of Victoria is occupied by a great basaltic 
plain, some 9,000 sq. miles in area, which Grayson and Mahony (1910) claim 
to be the third largest in the world. Numerous vents occur over its surface, 
and the work of distinguishing the many basalt flows and ash spreads, and 
determinining their ages, has been but begun (e.g., Hills, 1939). The problem 
is a complicated one. Flows have coalesced, and ash spreads often screen lava 
flows. The present hypothesis is put forward as a possible means of determining 
the age of some of the ash spreads. 

Tower Hill 

The Tower Hill nested caldera (Eig. 1 and Plate XX) is situated about 10 
miles NW of Warrnambool. It consists of a high rim of thinly-bedded tuff* and 
lapilli some 300 feet thick in its thickest part. The caldera owes its origin to 
collapse as there is not around it the heavy ejectamenta which would be 
present if it were of explosive origin. There is a number of nested cones con¬ 
sisting chiefly of heavy and light scoria. The scarp to the north of Tower Hill 
marsh (see Fig. 1) is believed to be a former coastline. It continues NE under 
the high bank of tuff beds west of the Lake, round the northern rim of the 
caldera (where the Miocene limestone bedrock outcrops), and then in a long 
sweep round behind the city of Warrnambool which is built on Pleistocene 
acolianite standing on a sloping former sea-floor (Gill, 1943). The contours in 
fig. 1 show the highest beds to be on the NE of the caldera. The level of the 
terrain has been built up through the highest vertical distance on this side, 
moreover, because built in front of the former coastal cliffs. This indicates 
that the majority of the ash has been distributed to the NE of the vent, a 
direction related to the present prevailing SW winds (see wind rose on Pig. 1). 

As the ejectamenta from a volcano are lifted into the air by the up-sweep 
ol hot gases and by explosion, their spread is determined by the degree to 
which winds modify their original trajectory. When accounting for the ash 
spread of a volcano, the direction of the prevailing winds is primary, and their 
strength secondary. The strength of the wind will influence the distance to 
which a certain type of ejectamenta will be distributed, but not the direction 
of the spread. Ash spread is mainly a function of prevailing wind direction. 


* luff in this paper means consolidated volcanic ash. 
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Thus in studying the ash spreads of Western District volcanoes, a wind rose 
was constructed representing average wind direction and not strength. The 
readings used were made twice daily over a period of two years. However, it 
may be noted that in the Tower Hill area, the SW are not only the prevailing 
winds, but they also include the strongest. 



I'ig. 1. Tower Hill nested caldera. The broken line represents approximately the limits 
of continuous ash cover. It extends eastward as far as Yangery Creek. 


Age of Tower Hill Tuff 

The age of the Tower Hill caldera is shown by the geological structures on 
which its ejectamenta are spread. They lie upon a soil layer developed on the , 
Pleistocene aeolianite of Warrnambool and Dennington. Tuff occurs also on 
top of beds of Holocene shells associated with the latest emergence of fiftoen- 
twenty feet (Gill, 1943, 1947a). An even closer dating can be made by a study 
of the disposition of the tuff at W arrnambool in relation to an old sea din 
cut by the 15-20 ft. sea (Fig. 2a, b). 

1 he fact that the ash piled up against the old sea cliff but was not washed 
away, although material so easily eroded, indicates that the sea had receded 
to approximately its present level when Tower Hill erupted, i.e., the last emei- 
gence was practically completed. This is a very recent event. 
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SHELL BED TO IS' BELOW DATUM 



Fig. 2. Semi-diagrammatic cross-sections of former sea-cliff at Warrnambool showing the 
relationship of the Tower Hill tuff to it and to present sea-level. The base line in 
each case is Admiralty datum. 

Horizontal scale : i" = 660'. Vertical scale : i" = ioo' 

A. Section through Cannon Hill, railway embankment, edge of Lake Pertobe, and 
foreshore dune ridge to beach, on west side of the Pertobe Rd. railway bridge. 

B. Section similar to A, but east of railway bridge, through railvvay cutting below 
the lighthouse. 


Volcanoes With Easterly Ash Spread 

Mount Warrnambool 

Sixteen miles ENE of Warrnambool, near Panmure, is the nested caldera 
of Mt. Warrnambool (Fig. 3), not previously recognized as such. It is another 
collapse caldera with a very steep inner edge to the surrounding tuff rim, and 
an outer edge of moderate slope. The rim is of thinly bedded tuff and lapilli 
as can be well seen in a quarry marked on the map (Fig. 3). The strata slope 
out from the centre at angles of from five to ten degrees. Marshy flats occupy 
the space between the tuff rim and the central scoria cone, 
fhe central cone is notable for its height of nearly 400 feet above the caldera 
floor and the fact that it has two craters in the summit. The ash spread of this 
volcano is chiefly to the east, as shown in Fig. 3. The rim on the east side 
rises well above the 400 ft. contour shown. 

The following two volcanoes are other examples of vents with easterly 
ash spreads. 

Wangoom Hill 

This volcano is 8 miles NE of Warrnambool, and its easterly ash spread is 
most marked, there being but a low mound in other directions (big. 4)- At 
0! the base of the high easterly ridge can be seen some scoriaceous volcanic 
ti agglomerate and a small amount of dense basalt. Most of the ejectamenta 
above this appear to be tuff and lapilli, but there is also some.finely divided 
1 scoria. A windmill bore put down on the outer side of the ridge traversed 
a considerable thickness of what the workmen called ' slate/ i.e., finely bedded 
tuff. The hundreds, or rather thousands, of layers of tuff seen in each of the 
volcanoes described in this paper show that they are not maars, and the 
ie£ P^ing of material to the east of their vents was not the result of a sudden 
1 - volcanic paroxysm. There was ejection of ash intermittently over a not in- 
er considerable period, and the ash spread is an indication of the prevailing 
direction of the winds which blew through that period. 
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Fig. 3. Mt. Warrnambool nested caldera. 



Fig. 4. Wangoom Hill volcano, 
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Wangoom Hill and Ecklin Hill are not calderas like Tower Hill and Mt. 
Warrnambool, but they are vents of the negative type (Stearns and MacDonald, 
1046), i.e. ; they have been enlarged by collapsing. This accounts for the steep 
inner'walls of the tuff rings of these volcanoes. They are really calderas on 
a small scale. Collapse features are very common in the Western District 
volcanic structures, and this suggests a weakness in the marine limestone 
bedrock common to them all. 

Ecklin Hill 

This volcano is situated 24 miles east of Warrnambool and 9 miles south of 
Terang ; it has been previously described (Gill, 1947b). Its form is very similar 
to that of Wangoom Hill. 

Thus examples are given of one caldera and two other volcanoes whose 
ash spreads are very markedly to the east. Such spreads could not have been 
caused by winds such as blow today. Nor could they have been caused by a 
combination of the NW and SW winds which blow at the present time because, 
firstly, the north-westerly winds are negligible, and secondly, a different 
geomorphology would be expected, viz,, a tendency towards highest points 
to the NE and SE. Again, if the easterly ash spread were found with only one 
volcano, it might be explained as a phenomenon of that particular event, 
but the easterly spread is common. 

Hypothesis and Conclusions 

It is assumed that during the periods of glaciation in the Pleistocene, the 
weather moved northwards in front of the advancing Antarctic ice-cap. I he 
strong westerly winds known as the f Roaring Forties ' which now blow over 
Tasmania, would then in all probability blow over Victoria. If so, these could 
account for the easterly ash spread of the volcanoes described. 

If this hypothesis be correct, then the volcanoes with easterly ash spreads 
are Pleistocene in age. 

The volcanoes with easterly ash spreads are still well preserved, although 
the Mt. Warrnambool caldera, for instance, is obviously more eroded than the 
Tower Hill caldera. Valleys are beginning to appear in the high easterly tuff 
ridge at Mt. Warrnambool. However, volcanic ash readily absorbs water, 
and observers have pointed out that such structures may remain intact for 
a long time on this account, but that once erosion gets started, it is often 
very rapid. From old records it appears that the tuff deposits were covered 
with forest until cleared by early settlers. The vegetative cover would reduce 
the power of the subaerial agents to erode the tuff rings. In view of the short¬ 
ness of the Holocene period, it is possible for Pleistocene physiographic struc¬ 
tures to be quite well preserved. However, as the volcanoes with the eastei ly 
ash spreads are still comparatively well preserved, they may tentatively be 
regarded as Upper Pleistocene in age. 
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Explanation of Plate 

Plate XX 

Aerial photograph looking E.S.E. over the Tower Hill nested caldera. Note the high caldera wall of tuff to the N.E. 
(top left of photo.) and how it gradually dies out towards the south. 

v F F (A. Wilkins photograph.) 
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ANNUAL REPORT OF THE COUNCIL FOR THE YEAR 1947 

The President and Council present to Members of the Society the Annual 
Report and Statement of Receipts and Expenditure for the year 1947. The 
following meetings of the Society were held : 

March 8—Annual Meeting. The following office-bearers were elected : 
President, Mr. D. A. Casey ; Vice-Presidents, Professor J. S. Turner, Mr. P. 
Crosbie Morrison ; Honorary Treasurer, Mr. R. T. M. Pescott; Honorary 
Librarian, Mr. F. A. Cudmore ; Members of the Council, Professor W. A. 
Osborne, Professor L. H. Martin, Professor E. S. Hills, Professor O. W. Tiegs, 
Dr. H. S. Summers, Dr. F. L. Stillwell, Captain J. K. Davis. 

The following members of Council continued in office : Professor E. W. 
Skeats, Professor S. M. Wadham, Professor R. D. Wright, Dr. R. T. Patton, 
Mr. W. Baragwanath. 

Dr. F. L. Stillwell resigned the post of Honorary Secretary. A resolution 
was unanimously carried expressing the great regret of the Society at his 
resignation and recording the deep appreciation of his 18J years’ service, a 
period greater than that of any other honorary secretary. At the following 
Council Meeting Dr. Stillwell was unanimously elected an Honorary Life 
Member of the Society. 

The Annual Report and the Financial Statement for 1946 were read and 
adopted. 

At the close of the Annual Meeting an Ordinary Meeting was held. Exhibit : 
Documentary film showing some of the Scientific facilities of C.S.I.R. 

April 10—Dr. C. M. Tattam was elected honorary secretary. Papers : 
" Araneae from Reevesby Island,” by V. V. Hickman (communicated by 
Professor J. S. Turner). “ Geology and Physiography of the Moonlight Head 
District,” by George Baker. “ The Biological Significance of Exoskeletal 
Structures in the Palaeozoic Brachiopod Genus Choneies," by E. D. Gill. 

May 8—Lecture : “ Soil Erosion on the Bogong High Plains,” by Professor 
J. S. Turner. 

June 12—Papers: “The Shore Platforms of Flinders,” by J. T. Jutson. 
” The Angular Distribution of the Neutrons from the D-D Reaction,” by A. 
R. W. Wilson, D. W. Ream, and D. N. F. Dunbar (communicated by Professor 
L. H. Martin). “ An Experimental Electron Accelerator,” by R. D. Hill. 

July 10— Papers : “ The Geology of the Nowa Nowa-South Buchan District, 
Victoria,” by G. W. Cochrane and H. R. Samson, “ The Petrology of the 
Miocene Sediments of the Aure Trough, Papua,” by A. B. Edwards. ^ 

August 14—Lecture : “ Some Aspects of Gold Mining in Fiji,” by Dr. 
F. L. Stillwell. 

September 11—Paper: “ Some Tertiary Pelecypoda from the Lakes 

Entrance Oil Shaft, Gippsland, Victoria,” by Irene Crespin. Lecture : Iri- 
bophysics,” by Dr. S. H. Bastow. 

October 9—Paper : “ The Origin of the Stony Creek Basin, Daylesford, 
Victoria,” by Alan Coulson. Lecture : “ Crystals and the Properties of Metals, 
by Dr. W. Boas. 

November 13—Paper : “ The Petrology of the Cretaceous Greywackes of 
the Purari Valley, Papua,” by A. B. Edwards. Lecture : “ Microscopes and 
Microscopy/’ by Mr. J. J. McNeill. 
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December n—Papers : " Petrology of No. 3 Tunnel, Kiewa Hydro-electric 
Scheme, Bogong, Victoria,” by George Baker. " An Hypothesis Relative to 
the Age of Some Western District Volcanoes, Victoria,” by E. D. Gill. Lecture: 
' Fisheries Research with Special Reference to Australia," by Mr. M. Blackburn. 

The Commonwealth Meteorological Bureau has continued the renting of 
the Society’s Hall. 

During the year three members and three .associate-members were elected. 
The total membership of the Society on December 31st, 1947, was 244. 

The Council deeply regrets the loss, by death, of three members and one 
associate-member. 

Bernard Iraugott Zwar, c.m.g., m.d., m.s., f.r.a.c.s., was born in South 
Australia. He began his medical course at the University of Adelaide, but, 
after three years, transferred to the University of Melbourne, where he graduated 
M.B., 1899, B.S., 1900, M.D., 1902, andM.S., 1908. He also studied in England 
and Germany. He served abroad in the first two years of the 1914-18 war. He 
was elected a member of this Society in 1946. He was an outstanding figure 
in the field of Medicine, particularly on the educational and administrative 
sides. He took a leading part in securing for the Royal Melbourne Hospital 
its present site. He was its President from 1937 to 1945, and also Chairman of 
the Board of the Walter and Eliza Hall Institute from 1937 till his death. He 
was one of the founders of the Royal Australasian College of Surgeons. He 
was closety associated with the University, being Stewart Lecturer in Surgery 
for over ten years, a member of the Council from 1935, and Deputy Chancellor 
in 1943-44. In 1941 he received the order of Companion of St. Michael and St. 
George. He died on January 16, aged 70. 

Frederick Alexander Singleton, d.sc., was born in 1897 and educated 
at Melbourne Church of England Grammar School and the University of 
Melbourne, graduating B.Sc. in 1918, M.Sc* 1921, and D.Sc. 1940. He was 
appointed lecturer in Agricultural Geology at the University in 1920. Though 
keenly interested in all branches of geology and the other natural sciences, he 
devoted himself particularly to palaeontology and, in recent years, was respon¬ 
sible for the teaching of this subject. He was appointed Associate-Professor of 
Geology in 1945. He was elected a member of this Society in 1917 and served 
as Assistant Editor for several years. He contributed live papers and four 
joint papers to the Proceedings of the Society, most of which were concerned 
with Tertiary palaeontology and stratigraphy, on which he was a leading 
authority. His “ Tertiary Geology of Australia," published in 1941, is the 
most complete account of this subject, and together with his other works, 
earned him the Syme Prize for scientific research. He had wide intellectual 
interests outside science and natural history and was keenly appreciative of 
art, particularly painting. He died on April 27, aged 50. 

Edmund Leolin Piesse, b.sc., ll.b., was born in 1880 at Hobart and 
educated at the Friends' School, Hobart, and the University of Tasmania, 
graduating in both science and law. He later studied at Cambridge. During 
the 1914-18 war he was Director of Military Intelligence and afterwards Director 
of the Pacific Branch of the Prime Minister's Department. He was the first 
secretary for the Department of External Affairs and in 1921 attended the 
Washington Conference as Australian adviser on Pacific Affairs. He was 
President of the Law Institute of Victoria, 1942-44. He was elected a member 
of this Society in 1921 and on several occasions gave it the benefit of his legal 
knowledge. His scientific interests were in geology, physiography and geography 
and he was in the habit of making walking tours with his sons, during which 
he studied the local geology and physiography with the aid of published maps 
and reports, He died on May 16, aged 67, 
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Donald McCance, m.sc., was born in 1876 and educated at Scotch College 
and the University of Melbourne. He entered the service of the Education 
Department in 1902, teaching first in primary but later in secondary and 
technical schools. He was head master of Brunswick Technical School from 
1923 to 1937 and then of Collingwood Technical School until his retirement in 
1941. He began his university studies comparatively late in life, graduating 
B.Sc. in 1920. While on a geological excursion he had the misfortune to lose 
an eye, which was pierced by a chip from a hammer. In his spare time he in¬ 
vestigated the chemistry of the decomposition of the Older Basalt of Royal 
Park, on which he contributed a paper to the Proceedings of this Society, and 
for which he was awarded the degree of M.Sc. in 1932. He was elected an 
associate-member of the Society in 1931. His vacations were usually spent on 
the High Plains, of which he had a detailed knowledge. He was a keen skier 
and introduced the pastime to the boys of the schools of which lie was in 
charge. Till within a year or two of his death he was geologically mapping a 
part of the High Plains, an arduous task for a man of his age, for it involved 
carrying a heavy pack of provisions to last several days. He finished compiling 
the map only a few hours before his death. He died on November 18, aged 71. 

The attendances at the Council Meetings were as follows : Mr. Baragwanath, 
ro ; Mr. Cudmore, 10 ; Mr. Pescott, 10 ; Professor Hills, 9 ; Professor Skeats, 9; 
Dr. Stillwell, 9 ; Mr. Casey, 8 ; Dr. Tattam, 8 ; Mr. Crosbie Morrison, 7 ; 
Professor Tiegs, 7 ; Professor Wadham, 7 ; Captain Davis, 6 ; Dr. Summers, 6; 
Dr. Patton, 5 ; Professor Martin, 4 ; Professor Osborne, 3 ; Professor Turner, 3; 
Professor Wright, 1. 

During the year, 2,339 volumes and parts were added to the Library. 
Certain exchanges interrupted during the war were resumed. More shelves 
are urgently needed, but it has not been possible to obtain them. 

Volume 58 of the Proceedings of the Society was issued on June 25. The 
publication of this volume was assisted by a credit of £100 made available at 
the Government Printing Office by the State Government and by grants from 
the University Publications fund. The cost of printing this volume at the 
Government Printing Office was exceptionally high. The State Government has 
now restored its annual cash grant of £100 to the Society instead of the credit 
with the Government Printing Office. Conditions in the printing trade are 
causing long delay in the publication of Volume 59. 

Mr. T. B. Kilvington resigned the position of Assistant Editor, in which 
he rendered great service to the Society. He has been succeeded by Mr. A. A. 
Wilcock. 

HONORARY TREASURER’S REPORT 

The financial position of the Society continues to be satisfactory, largely 
because of rents from the Commonwealth Meteorological Bureau. The credit 
balance at the bank at December 31, 1947, was £ 553 / 4 / 9 > °f which £110 is to 
be transferred to the Bookbinding Fund. 

Expenditure on printing was £405/4/9, the principal item being £368/15/- 
for the printing of Volume 58 of the Proceedings. This figure, however, does 
not include the £100 credit at the Government Printing Office. The total cost, 
£468/15/-, for a volume of only 165 pages, gives cause for considerable concern. 


FINANCIAL STATEMENT FOR YEAR ENDING DECEMBER 31, 1947 
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STUDIES OF STRAINS OF FUSARIUM LINI 

By C. R. Millikan, M.Agr.Sc. 

[Read 13 May 1948] 
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Introduction 

It is only recently that much detailed work has been reported on 
the variation and variability of the flax wilt organism, Fusarium lini. 
The literature regarding the existence of strains of F. lini has been 
summarized in papers by Millikan (1945) and Borlaug (1945). 

Further studies have been made in Victoria on strains of F. lini 
isolated from infected plants obtained from the D1 and D2 ‘wilty’ areas 
at Drouin (Millikan, 1945). Four strains were isolated from each area. 
At the same time, seven of the numbered Minnesota strains of F . lini 
(Borlaug, 1945) were studied. These latter were kindly supplied by 
Dr. J. J. Christensen of the University of Minnesota. 

Physiological Studies 

Borlaug (1945) has recognized numerous cultural strains of F. lini 
distinguished by their growth on three media, namely, malt, corn meal, 
and potato dextrose agar respectively. Recent work by Miller (1945, 
1946) has further shown that considerable variation in species of 
Fusaria , including F. lini , may occur due to a process termed ‘cultural 
degradation/ whereby the naturally occurring or wild type of the 
fungus is displaced by a mutant. The process is considered to be a 
degradation, as the mutants tend to be less pathogenic than the parents. 
The mutants also appear to crowd out the parent types, since they are 
more aggressive in culture. 

Previously, the physiology of F. lini had received the attention of a 
number of workers, although the possibility of variation due to the 
existence of cultural and physiological strains of the fungus was largely 
unrecognized. 
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It is clear that F. lint ran utilize as its sole source of carbon a variety 
of carbohydrates, including starch, inulin, sucrose, glucose, maltose, 
levulose, galactose, mannose, xylose, arabinose, rhamnose (Tochinai 
(1925), Anderson (1925), Reynolds (1926), White and Willaman 
(1928a, 1928b) and Nord and Engel (1938)). However, there is some 
divergence of opinion between various workers as to the relative value 
of these compounds as carbon sources for F* lini, which may perhaps 
be due to the fact that they were evidently working with different 
strains of the fungus. Nord and Engel (1938) reported that lactose 
was fermented much slower than maltose, while the fermentation of the 
latter was slower and much more uncertain than that of glucose. They 
detected the presence of a maltase but no lactase. The presence of a 
glucose oxidase was indicated by the fact that d-gluconic acid appeared 
in solutions of glucose or maltose. On the other hand, Tochinai (1925) 
claimed that maltose was the most suitable carbohydrate. Primary 
(Anderson (1925), Nord and Engel (1938)), and secondary (Goepfert 
(1941)) alcohols can also serve as carbon sources for F. Urn. 

As regards nitrogen sources, Tochinai found that nitrogen was more 
readily assimilated as ammonium than as nitrate, whilst nitrites were 
unsuitable. Reynolds (1926) on the other hand listed nitrogen sources 
on the basis of total nitrogen content in the following descending order 
of suitability for F. lini: KN0 3 , Ca(NO ;i ) 2 , ammonium lactate, di¬ 
basic ammonium phosphate, asparagin, KN0 2 , (NH*) a S0 4 , urea and 
Ca(N0 2 ) 2 . 

The principal metabolic products of the growth of F. lini in nutrient 
solutions are mycelium, Ct) 2 , and ethyl alcohol. There is therefore a 
similarity in the enzymatic degradation of carbohydrates by living yeasts 
and F. Uni (Anderson (1925), Letcher and Willaman (1926), White 
and Willaman (1928a, 1928b), Luz (1934), Nord and Engel (1938) 
and Wirth and Nord (1941)). It has been shown that pyruvic acid 
accumulates transitorily in the substrate, while Luz (1934) found traces 
of both volatile and non-volatile organic acids, including oxalic acid and 
tartaric acids. Letcher and Willaman (1926) studied the alcohol pro¬ 
duction of eight strains of F. lini , which had been found by Broadfoot 
and Stakman (1926) to be distinguished by their parasitic action on 
four varieties of flax. A correlation was indicated between alcohol 
production and virulence, as Letcher and Willaman found that the two 
forms which were least virulent produced least alcohol. 

However, the degradation of carbohydrates which stops at ethyl 
alcohol and COg with living yeasts, continues further with F. lini with 
the subsequent dehydrogenation of the alcohol produced. Goepfert 
(1941) has shown that ketones rather than aldehydes accumulate in 
the substrate. 

Luz (1934) has studied the growth of F. lycopersici and F. lini in 
nutrient solutions, and found that the rate of growth of these fungi, as 
determined by the total dry weight (size) of the fungal mat, showed 
characteristic growth phases. The phase of logarithmic growth was 
followed by a phase of accelerated death rate characterised by a loss in 
dry weight. The phase of logarithmic growth was associated first with 
the formation of organic acids and active alcoholic fermentation, and 
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later with the gradual consumption of these products following the 
exhaustion of the sugar supply, while the phase of accelerated death rate 
coincided with the disappearance of ethyl alcohol as the main source of 
carbon and the appearance of ammonia, indicating that the accelerated 
death phase was autocatalytic in nature. This autocatalytic phenomenon 
has been observed to occur in other fungi by a number of workers, 
including Klotz (1923) in Diplod ia natal ensis, Sphaeropsis mat or urn 
and Aspergillus niger, Ezekiel et at. (1934) in P hy mat otri chum omni¬ 
vor um, and White (1943) in 0phiobolus graminis. 

After growth for six weeks in nutrient solution, Grossmann (1934) 
reported that the filtrate of a culture of F. Uni was toxic to flax at a 
dilution of 1:5. The toxin was extractable with methyl-alcohol from the 
vacuum distillation residue of the culture liquid, and was neither volatile 
nor thermo-labile. 

Luz (1934) found that the most active substances in the causation of 
tomato wilt by F. lycopersici grown in culture solution occurred during 
the phase of accelerated death rate, and were therefore not direct 
products of sugar metabolism. Ammonia was shown to be very toxic to 
tomato plants. 

The varying growth phases and the metabolic products associated 
therewith are reflected in the pH of substrate. Thus Luz (1934) 
observed that the reaction of the media containing F. lycopersici or F. 
lini showed a decline of the pH value from 3*9 to 3 5, followed by a 
rise to 7-5, then a fall to 7 2 or no change, and finally a rise to 8 5. 
Similar pH changes in the substrate may be induced by other fungi of 
the genus Fusarium. Thus Young and Bennett (1922) showed that 
the reaction of a culture solution in which F. oxysporum was growm 
continued to become acid until a hydrogen ion concentration of pH 3*6 
was reached, then turned towards alkalinity, and growth continued until 
all the organic compounds were broken up and a reaction of pH 8*4 
was recorded. 

Working with F. cromyophthoron, Sideris (1925) found that for 
different nutrient solutions there was an ‘isometabolic point’, which he 
designated as ‘that initial hydrogen-ion concentration of the culture 
solution of a nutrient substance which may or may not be changed 
slightly during the growth of the organism by the reaction of its 
metabolic products. The initial pH values of the cultures (of the same 
nutrient substance) whose position on the scale of pH values lies on 
either side of the isometabolic point, is changed by the reaction of the 
metabolic products, towards that of the isometabolic point.’ With the 
complete consumption of the nutrient substance by the fungus, the pH 
of the substrate suddenly rises. 

Anderson (1925) showed that F. lini could grow well over a wide 
range of initial pH values for the media of from 1*84 to 12*04, although 
the optimum range occurred between pH 5 and pH 1 7. 

The above work on the pH changes in synthetic substrates induced 
by Fusaria supports the finding of Tochinai (1925) that the growth of 
F. lini in the flax plant ultimately made the sap more or less alkaline. 

The vitamin requirements of F., lini do not appear to have received 
much attention. It is recognized that various species of fungi exhibit 




4 


C. R. Millikan: 


different capacities for synthesizing vitamins or alternatively utilizing 
those supplied in nutrient solutions. Thus Vinson ct al. (1945) who 
conducted comparative tests on the nutritive value for mice of F. 
(jramincarurn and F. Uni grown in culture solution, found that F. 
grarnincaruui contained only 5 micrograms of vitamin Bi (thiamin) per 
gram of dried material, and was totally inadequate for growth, whereas 
F . Uni contained about 20 micrograms of thiamin per gram of dried 
material and proved an excellent source of this vitamin for mice for 
the first month. In this experiment, therefore, the capacity of F. Uni to 
synthesize thiamin was greater than that of F. graminearum. Previously 
Wirth and Xord (1941) found that in nutrient solutions in which the 
fermentation of sugars by F, lini was proceeding, pyruvic acid accumu¬ 
lated transitorily in the complete absence of any interceptor, but that 
this accumulation was much less marked when vitamin Bi was added to 
the solution. 

Strains of the same species of fungus may exhibit differences in their 
capacity to utilize vitamins. Robbins (1941) and Robbins and Ma 
(1941) found a strain of F. avenaceum which failed to grow in a 
mineral sugar solution which constituted a satisfactory medium for two 
other isolates of the same fungus. However, with the addition of biotin 
to the medium, the first-named strain made very satisfactory growth. 

The possible importance of amino nitrogen and growth factors in 
relation to flax wilt is indicated by the results of West and Lochhead 
(1940), who demonstrated that the roots of even young flax seedlings 
in the soil encourage the development of those types of the soil flora 
which are dependent on a supply of thiamin, biotin and amino nitrogen 
for growth, suggesting that the flax roots may secrete these substances 
in significant amounts. Lochhead et al. (1940) further showed that the 
rhizosphere of flax varieties susceptible to J\ lini harboured much larger 
numbers of bacteria and fungi responsive to amino nitrogen and vitamins 
(including biotin and thiamin) than did the rhizosphere of wilt-resistant 
varieties. 

In Victoria, the growth in nutrient solutions of the strains of F. Uni 
from Drouin and Minnesota respectively referred to above, has been 
studied, with the object of determining whether differences between 
strains occurred. 

A number of preliminary experiments were conducted to develop a 
satisfactory nutrient solution for the growth of F. Uni. For most of 
these F. lini Dl-1 was used. 

General Method. The initial experiments were concerned with the 
effects of sugars, vitamins and amino nitrogen, and for these the com¬ 
position of the base medium used was as follows : 


Mg.SO4.7H2O. 

K a HP04 . 

NaNOa . 

Dextrose 

Iron (as FeS0 4 .7H 2 0) 

Zinc (as ZnS04.7H 2 0) 
Manganese (as MnS04.4H 2 0) 
Copper (as CuS04.5H 2 0) .. 

Distilled water 


0 5 grams. 

DO „ 

20 „ 

30-0 „ 

1 part per million. 


0-5 

01 


>> >» 

yy » 


>> 

yy 


1,000 ml. 
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In some experiments KH 2 F0 4 was substituted for K 2 HP0 4 , and in 
others the effects of varying the concentrations of sodium nitrate and 
glucose were studied. 

To this solution was added vitamins and amino nitrogen as required. 
In making up the solution, care was taken to ensure that the final volume 
of solution per flask after the addition of 5 ml. of inoculum in sterile 
distilled water was 50 ml. and that its composition was as above. The 
inoculum consisted of a suspension of spores and fine mycelial frag¬ 
ments in sterile distilled water. The inoculum was prepared from 
cultures grown on potato dextrose agar or in nutrient solutions for six 
to ten days, and was distributed to the flasks in a transfer cabinet by 
means of a sterile pipette after the solutions had been sterilized by 
autoclaving at 5 lbs. pressure for 10 minutes. In one experiment, 
cultures of different ages were compared. Pyrex Erlenmeyer flasks of 
200 ml. capacity were used, and there were three flasks for each 
treatment. 


Table 1. — Effect of Increasing Concentrations of Sodium Nitrate and 
Glucose on the Dry Weight in Milligrams of Fusarium lini Dl-1 and 
Final pH of the Substrate after Incubation at 26° C. for 10 days. 




Glucose- 

—Grams per Litre 


Mean of 
15 

Flasks 

nil 

10 

30 

60 

100 

. 

01 

4 

7 

12 

14 

12 

10 



7-4 

4-7 

4-4 

4-2 

4-2 


lO 

0-5 

3 

59 

57 

56 

52 

45 

6 


7-5 

6-2 

4-2 

4-5 

3-5 










bp 

1-0 

3 

101 

101 

107 

84 

79 

-y £ 

CO +J 


7-6 

7-5 

4-3 

4-6 

3-5 










£ S 

2-0 

3 

112 

165 

178 

189 

129 

s * 


7-6 

8-3 

5-4 

3*8 

3-9 










'3 

o 

4-0 

4 

112 

205 

217 

215 

151 

O) 


7-5 

8-4 

5-9 

4*1 

3-8 



8-0 

3 

108 

255 

225 

235 

165 



7-4 

8-4 

6-5 

4-7 

4*3 


Mean of 18 Flask 

3 

83 

133 

133 

131 



Figures in bold type—dry weights in milligrams. 
Other figures—pH values. 


Dry weight differences for significance: 



Glucose treatment means 

1% level 

5% level 

7.4 

5.5 

Sodium nitrate treatment means 

8.0 

6.1 

Individual means 

Interaction glucose x sodium nitrate—Sig. ^>1%. 

18.0 

13.6 
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In the initial experiments the flasks were incubated at 26° C. for a 
period of eight to ten days, but later sufficient flasks of each nutrient 
treatment were provided to enable three flask samples to be removed 
at frequent intervals up to 350 hours after the commencement of the 
experiment. 

The cultures were filtered in untared filter papers, washed with hot 
water, and dried in an oven at 100° C. After drying had been proceed¬ 
ing for a short time (approx, half an hour) the fungal mats became 
tough, and at this stage it was found possible to pull them out quite 



Fig. 1a. —Graph showing the effects of increasing concentrations of sodium nitrate 
and glucose on the dry weight of Fusarium Uni Dl-1 after incubation at 26° C. 
for 10 days. 


cleanly from the filter papers. The mats were then rolled into balls and 
replaced loosely in the folded filter papers and dried to a constant 
weight, being weighed separately from the filter paper. The results were 
analysed statistically by the analysis of variance method (Fisher and 
Wishart, 1931). 

The pH values of the original solution and of the composite filtrate 
from the three replicates of each treatment were determined. 

Effect of Glucose and Sodium Nitrate. In this experiment the 
effect of simultaneous variation in the concentrations of glucose and 
sodium nitrate was studied. For this test, biotin concentrate was added 
to the solution at the rate of 1 gamma of biotin per flask. The concen¬ 
trations of glucose and sodium nitrate used and the dry weights of the 
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fungal mats and the final pH of the substrates after incubation for 10 
days are shown in Table 1 and Figures 1a and 1b. 

The results show that progressive and significant increases in dry 
weight occurred with increasing concentrations of sodium nitrate up to 
8 grams per litre. Similarly, yields increased significantly with increases 
in glucose concentrations up to 30 grams per litre, but no further 
significant increase resulted with concentrations of 60 and 100 grams 
per litre respectively. 



Fig. 1b.— Graph showing the effect of the growth of F. lini Dl-1 in solutions with 
varying concentrations of glucose and sodium nitrate on the final pH of the 
substrate after incubation at 26° C. for 10 days. 


However, it must be emphasized that these relative results may have 
varied considerably with an increase in the age of the cultures over 10 
days. This is indicated by a comparison of the final pH concentrations 
of the various substrates shown in Fig. 1b with the pH changes in the 
substrate normally induced by the Dl-1 strain of F. lini (see Figs. 4 
and 5). The reaction of the substrate at the lower sugar concentrations 
but higher sodium nitrate concentrations had risen appreciably after 10 
days, indicating the exhaustion of the carbon supply in these substrates 
and the actual or approaching onset of the phase of accelerated death 
rate, whereas the pH concentrations of the substrates at the higher 
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sugar concentrations were in the vicinity of 4 0, so that the fungus here 
was either still in the stage of logarithmic growth, or further rapid 
growth was being inhibited by the production of excessive amounts of 
metabolic products such as organic acids. It seems likely, therefore, that 
the fungus had attained its maximum dry weight at the lower sugar 
concentrations (up to 30 grams per litre) but may not have done so at 
the higher concentrations. 

Effect of Biotin Concentrate and KH 2 P0 4 . The concentrations 
of biotin concentrate and KH 2 P0 4 used are set out in Table 2 and Fig. 
2. The biotin concentrate was the product of the S.M.A. Corporation, 
Ohio, U.S.A., and was used at rates equivalent to the concentrations of 
biotin indicated. 

In this experiment the concentration of sodium nitrate in the base 
medium was 4 0 grams per litre. 

Table 2.—Effect of Increasing Concentrations of Potassium Di-Hydrogen 
Phosphate and Biotin Concentrate on the Dry Weight in Milligrams 
of Fusarium lini Dl-1 Incubated at 26° C. for 8 Days. 




Biotin (as biotin concentrate) gamma per flask 

Mean of 
15 

Flasks 



nil 

01 

0-5 

1-0 

5-0 

u 

G 

nil 

4 

5 

8 

10 

22 

10 

CO 

a 

01 

73 

91 

95 

96 

84 

88 

l-l 

tJD o 

0-5 

104 

145 

155 

207 

154 

153 

1 s 

o 

HH 

N 

x 

1-5 

110 

158 

158 

162 

144 

146 

30 

117 

134 

158 

189 

142 

148 


6*0 

119 

169 

153 

167 

129 

147 

Mean of 18 Flasks ... 

88 

117 

121 

139 

112 



Differences for significance: 

Biotin (as biotin concentrate) treatment means 
KH 2 PO 4 treatment means 
Individual means 

Interaction biotin concentrate x KH 2 PO 4 —Sig. 1%. 


1 % level 5 % level 
8.9 6.7 

9.7 7.3 

21.7 16.3 


Progressive and significant increases in yield resulted at the 0T and 
0*5 grams per litre levels of KH 2 P0 4 , but no further significant increase 
occurred at the higher levels. 

Similarly, biotin concentrate at rates up to 1 gamma of biotin per 
flask gave significant increases in yield compared with that of the flasks 
without biotin. However, the 5 gamma of biotin per flask treatment 
gave a significant reduction in yield over that of 1 gamma per flask. 
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Effect of Vitamins and' Amino Nitrogen. Several experiments 
were conducted to examine the effects of various vitamins on the growth 
of F. Uni Dl-1. The composition of the base medium was as given 
above, and details of the vitamin treatments and the results obtained are 
shown in Table 3. 

In these experiments, very significant increases in dry weight were 
induced by the addition of biotin concentrate to the nutrient solution, 



Fig. 2.—Graph showing the effects of increasing concentrations of potassium di¬ 
hydrogen phosphate and biotin (as biotin concentrate) on the dry weight of 
Fusarium lint Dl-1 incubated at 26° C. for 8 days. 


both by itself or in conjunction with other vitamins. Thiamin, on the 
other hand, caused significant decreases in yield either by itself or in 
conjunction with biotin concentrate. Nicotinic acid, riboflavin, calcium 
pantothenate, vitamin B (J hydrochloride, p-amino benzoic acid and 
J.-ascorbic acid had no consistent significant effects on dry weight. 

A further experiment was made in which the effects of biotin concen¬ 
trate, crystalline biotin methyl ester and yeast were compared with and 
without amino nitrogen. Provision was made for three flasks of each 
treatment to be sampled at 65, 114 and 208 hours respectively after the 
commencement of the experiment. The results are shown in Table 4. 

B 

























10 C. R. Millikan: 

Table 3. —Effects of Vitamins on the Dry Weight of Fusarium lini Dl-1 in 
Nutrient Solutions Incubated at 26° C. for 8 to 10 Days Respectively. 




Experiment 
No. 1 

Experiment 
No. 2 

Experiment 
No. 3 


Treatment.* 

Dry 

Weight 

Mgm. 

0/ of 

/o OI 

Base 

Medium 

Dry 

Weight 

Mgm. 

% of 

Base 

Medium 

Dry 

Weight 

Mgm. 

% of 
Base 
Medium 

Base medium 

104 

100 

160 

100 

206 

100 

y 9 

,, -j- Biotin concen¬ 

trate 

248 

239 

241 

151 

285 

138 

) y 

,, -j- Thiamin 

107 

103 

121 

76 

165 

80 

>» 

,, -j- Nicotinic acid 

114 

110 

209 

131 

218 

106 

} . 

,, -J- Riboflavin .. 

119 

114 

184 

115 

— 

— 

9 9 

,, -J- Calcium panto¬ 

thenate 

116 

112 

181 

113 



9 9 

,, -f- Vitamin B6 

hydro¬ 
chloride 

118 

113 

164 

103 



9 9 

,, -f- p-amino ben¬ 

zoic acid . . 

133 

128 

168 

105 



. t 

,, + 1-ascorbic acid 

114 

110 

181 

113 

— 

— 

»» 

,, -}- Biotin concen¬ 

trate 

-f- Thiamin 

185 

178 

199 

124 



9 9 

,, -f Biotin concen¬ 

trate -}- nic¬ 
otinic acid 





280 

136 

9 9 

,, -f Biotin Concen¬ 

trate -(-Thia¬ 
min 4 nicoti¬ 
nic acid 





239 

116 

y y 

,, -f All vitamins 

248 

239 

211 

132 

— 

— 

Differences for Significance 1% 
level 

24 

23 

35 

22 

31 

15 


Concentrations of vitamins used as follows: Biotin concentrate at rates equivalent to 
1 gamma biotin per flask. All other vitamins 5 gamma per flask. 


An interesting feature of these results was the significantly greater 
increase in yield obtained with biotin concentrate compared with crystal¬ 
line biotin methyl ester. The significant increase over the base medium 
promoted by the latter was the same as that obtained with dried yeast. 
The biotin concentrate evidently contained some unknown yet highly 
effective growth factor. 

The addition of asparagine and glycine to the base medium also caused 
very significant increases in dry weight. 

As the result of these experiments, biotin concentrate and amino 
nitrogen (asparagine) were added to the base medium in all subsequent 
tests. 

The Time Factor and Strains of F. lini in Relation to tiie 
Response to Biotin Concentrate. As the above experiments with 
biotin concentrate had all been terminated before the completion of the 
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stage of logarithmic growth and the onset of the stage of accelerated 
death rate (particularly in the case of the control treatments), a further 
experiment was made in which samples were taken at intervals up to 
350 hours. In this experiment also, several Drouin strains and the 
Minnesota strains of F. Uni were included. The biotin concentrate was 
added at a rate equivalent to 1 gamma of biotin per flask. The results 
are presented in Fig. 3. 


Table 4.—Effects of Vitamins and Amino Nitrogen on the Dry Weight of 
Fusarium lini Dl-1 in Nutrient Solution, Incubated at 26° C. for 65, 
114 and 208 Hours Respectively. 


Treatment* 

Dry Weight in Milligrams at:— 

65 Hours 

114 Hours 

208 Hours 

Base medium 

1 

9 

28 

-f biotin concentrate 

13 

48 

193 

,, „ -j- crystalline biotin 

15 

26 

77 

4 nicotinic acid 4 thiamin 

1 

8 

41 

,, „ -j- dried yeast 

25 

29 

76 

Base medium 4 amino nitrogen 

1 

7 

86 

-j- ,, ,, + biotin con- 




centrate 

13 

58 

317 

,, 4 ,, ,, + crystalline 




biotin 

16 

27 

123 

„ „ + „ „ 4- nicotinic 




acid 4- 




Thiamin 

2 

11 

73 

„ ,, -f ,, ,, 4- dried yeast 

25 

45 

128 

Difference for significance at 1 % level .. 

2 

8 

28 


"Details of treatments as follows: 

All vitamins applied at rate of 1 gamma per flask. 

Dried yeast applied at rate of 0.02 grams per flask. 

Amino nitrogen consisted of asparagin -f- glycine each 0.2 grams/litre. 


The magnitude of the response to biotin concentrate exhibited by the 
different strains of F. lini varied considerably. In the case of F. lini 
D2-4 and the Minnesota strains 4, 8, 11 and 28 very significant growth 
responses to biotin concentrate occurred at 150 hours, whereas no 
significant response occurred at this stage with Dl-2, 6 and 27 strains. 
However, irrespective of any initial response to biotin concentrate, all 
strains showed no significant differences in either maximum dry weights 
or the final dry weights at 350 hours between the base medium and the 
base medium plus biotin concentrate. 

It is evident, therefore, that while the growth factors present in biotin 
concentrate will cause an initial response in certain strains of F. lini, 
all strains are capable, in time, of supplying their own needs of these 
factors. 

The pH changes in the substrate shown in Fig. 3 will be discussed 
in a later section of this paper. 
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Comparative Growth of Four Strains of F. lini in Dextrose 
and Sucrose Solutions. An experiment was made in which the 
efficacy of dextrose and sucrose as carbon sources for four strains of 
F. lini were compared. The following modifications to the base medium 
as set out above were made for this experiment: K2HPO4 2 0 grams, 
NaN0 3 4 0 grams, and asparagine 0 4 grams per litre. Dextrose and 
sucrose were added to the respective solutions at the rate of 30’ grams 



50 150 250 350 50 150 250 360 .50 150 250 350 

HOURS HOURS HOURS 


LEGEND ~ 

BA 5 E ME B1U* 

•-■ dry WEIGHT OF FUNGUS IN MGS 

o—o p H OF SUBSTRATE 

RASE MEDIUM -4- BIOTIN CONCENTRATE 

4 .—a DRY WEIGHT OF FUNGUS IN MGS. 

«»—a ph OF SUBSTRATE 

Fig. 3.—Results of experiment with nine strains of Fusarium lini , showing 
the effect of time in relation to the response to biotin concentrate. 
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pH 



_L_i—_J --^ — -i.-t-.- 

50 150 250 350 50 150 250 350 


HOURS HO URS 

LEGE ND~ 

DEXTROSE MEDIUM . 

•-• DRY WEIGHT OF FUNGUS IN MGS. 

o-o pH OF SUBSTRATE. 

A-a DRY WEIGHT OF FUNGUS IN MGS. 

a - a pH OF SUBSTRATE. 

Fig. 4.—Effect of nutrient solutions containing either dextrose or sucrose 
on the dry weights of, and pH changes in the substrate induced by, 
four strains of Fusarium lini incubated at 26° C. 


per litre. Twenty-seven flasks of each sugar treatment for each strain 
were provided, enabling a three-flask sample to be taken at nine suc¬ 
cessive intervals up to the termination of the experiment at 350 hours. 
The results of dry weight and pH determinations made on these samples 
are given in Fig. 4. 

The results obtained with three of the strains of F. lini used, namely 
Dl-1, D2-2 and Minnesota 6, were identical in each case for the dextrose 
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and sucrose solutions, although differences between the strains occurred. 
With the Minnesota 11 strain the results were similar in the two types 
of sugar solutions during the stage of logarithmic growth, but the 
sucrose medium later gave significantly higher values for the maximum 
dry weight at 188 hours and during the following period of accelerated 
death rate. The Minnesota 11 strain also differed considerably from 
the other three strains in the pH changes induced in the media. This 
phenomenon will be discussed in more detail in a later section of this 
paper. 

Effect of the Initial pH of the Substrate on Growth. An 
experiment was made in which F. Uni Dl-1 was grown on a medium 
adjusted to various initial pH values. The composition of the solution 
was as follows: 

Peptone (5-5% HaO) .. .. .. .. 3-3 grams. 

Beefine (56% H a O) .. .. .. .. .. 7 0 „ 

Glucose .. .. .. .. .. .. 10-0 „ 

Distilled water .. .. .. .. .. 1,000 ml. 

During the pH adjustment, the volume of the solution was increased 
10 per cent. Erlenmeyer flasks of 100 ml. capacity were used, and 
20 ml. of the adjusted nutrient solution was added to each, there being 
three flasks to each treatment. The pH of each solution was obtained 
after sterilization and immediately before inoculation. The inoculated 
flasks were incubated at 26° C. for six days, when the experiment was 
terminated. The initial pH treatments and the dry weights obtained are 
shown in Table 5. 

Table 5.—Effect of the Initial pH of the Nutrient Solution on the Dry 
Weight of Fusarium lini Dl-1, Incubated at 26° C. for 6 Days. 


Initial 

Final 

Dry 

pH 

pH 

Weight 

Mgms. 

1-96 

1 88 

0 

2-73 

2 44 

20 

3-00 

2-49 

39 

3-74 

3-25 

41 

4-05 

3-64 

49 

4-61 

4 17 

52 

506 

4-40 

48 

5-53 

4-79 

53 

6-20 

4-88 

48 

6-33 

5-36 

53 

6-60 

6-13 

49 

7-20 

6-54 

49 

7-60 

7-05 

46 

Difference for significance 

1% 

3 


These results differ slightly from those of Anderson (1925) cited 
above in that no growth was obtained in the above experiment at an 
initial pH of 196, whereas Anderson recorded growth at pH 184. A 
variation in the strain of F. lini used in these two- experiments could 
possibly account for this difference. Apart from this the experiment 
confirms that F. lini will grow over a wide range of initial pH values. 
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Comparative Growth of Strains of F. Uni in Nutrient Solutions 

Modified Method. Following the preliminary experiments set out 
above, the composition of the base medium used for the comparative 
growth studies of F . Uni strains was modified as follows: 


MgSO*.7H a O. 

NaNOs . 

Asparagine 

Dextrose 

Zn (as ZnSOi./HsO) 

Fe (as FeS0 4 .7H 2 0) 

Mn (as MnS0 4 .4H 2 0) 

Cu (as CuS0 4 .5H 2 0) 

Biotin (as biotin concentrate) 
Distilled water. 


0-5 grams. 
40 „ 

0-4 „ 

30-0 „ 

1 part per 

1 „ „ 

0-5 „ 

0 1 „ „ 

0 • 5 gamma 
1,000 ml. 


million. 


M 

per flask. 


To the above base medium was added one of the following: 

KaHPOt . 2 0 grams. 

KH 2 PO 4 . 20 

The pH of the base medium containing the first of these phosphate 
sources (termed the K 2 solution) was approximately 7*2, and that con¬ 
taining the second (the H 2 solution) approximately 4 5. 

Each strain was grown in both the K 2 and H 2 solutions, and sufficient 
flasks of each were provided to enable three-flask samples to be taken 
every 24 hours during the greater part of the experiment. However, the 
first sample was not taken until approximately 60 hours after commence¬ 
ment of the test, as little growth occurred before this time. Other details 
of procedure were the same as those described in the general method 
above. 

Results. Each strain was studied in three separate tests, and similar 
results were obtained in each instance. The results from one such test 
are presented in Fig. 5. 

On comparing the results shown in Figs. 3, 4 and 5, some marked 
differences between the strains of F. lini are apparent. 

The rates of growth of the strains, as indicated by the dry weights, 
showed considerable variation. The strains Dl-1, JD1-3, Dl-4, D2-2, 
D2-3, D2-4, Minnesota 8, 11 and 28, passed through the stage of 
logarithmic growth rapidly, and reached the maximum dry weight in 
from 140 to 200 hours, according to the strain involved. Differences in 
the magnitude of this maximum dry weight occurred between strains. 
By the end of 350 hours all the above strains were well into the stage 
of accelerated death rate. The remaining strains, namely Dl-2, D2-1, 
Minnesota 4, 6, 15 and 27, showed characteristically slow rates of growth 
and in most cases were only just entering the phase of accelerated death 
rate at the termination of the test. 

When the relative rates of growth of the strains are considered in 
conjunction with the concomitant pFI changes induced in the substrate, 
the differences between strains is more marked. A general feature of 
the pH changes is at once apparent. Irrespective of the different initial 
pH values of the K 2 and H 2 solutions, the values of the isometabolic 
points in the two solutions sown to any one strain are very comparable. 
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The rise in pH occurs simultaneously in both solutions, and the 
subsequent changes in pH values are usually almost identical. 

On the basis of the type of pH change induced, the strains may be 
divided into two groups. In the first group are the strains Dl-1,- Dl-2, 
D2-1, D2-2, D2-3, Minnesota 4, 6, 15 and 27, which induce pH changes 
similar to those described for Fusaria by various workers cited above, 
i.e., a considerable drop (particularly in the K 2 medium) to an isometa- 



Fig. 5. — Comparative growth of 15 strains of F. lini in two nutrient solutions of 
different initial pH incubated at 26° C. 
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bolic point, followed by a rapid rise to a pH of 8 or more. However, 
differences occurred between these strains in the relative values of the 
isometabolic points for the K 2 and II 2 solutions. Some of the strains 
included in this first group with low isometabolic points, namely Dl-1, 
D2-1, D2-2, D2-3, Minnesota 4, 6, 15 and 27, which induce pH changes 
while the remaining strains show the slower type of growth. 

The second group of strains, namely Dl-3, Dl-4, D2-4, Minnesota 
8, 11 and 28, are characterized by a high pH value for the isometabolic 
point. These strains all pass rapidly through the logarithmic growth 
phase. 

These differences in growth rates and in the isometabolic points 
characteristic of the different strains of F. lini studied in these ex¬ 
periments indicate the existence of important physiological differences 
between them. These strain differences are evidently reflected in the 
nature and amounts of the metabolic products, including organic acids 
and ethyl alcohol, produced. Letcher and Willaman (1926) have already 
reported differences in the amount of alcohol produced by eight strains 
of F. lini. Unfortunately, no detailed study was possible of the amounts 
of alcohol and nature of the other metabolites formed by the F. Uni 
strains in the present experiments. Qualitative tests indicated the 
presence of alcohol most strongly between 140 and 180 hours, depending 
on the strain involved. The attainment of a pH value of approximately 
7‘5 to 8‘0 in the substrate coincided with the onset of the phase of 
accelerated death rate, and it is probable from the literature citations 
given above that at this stage the alcohol had disappeared completely, 
and that autocatalytic reactions had commenced. At 350 hours, when 
the pH values were in the vicinity of 9 0, ammonia was present in the 
substrate. 

Limited toxicity tests were conducted with filtrates from cultures 
inoculated with the D2-2, D2-3, Minnesota 8 and 15 strains. These 
filtrates were obtained at 164, 188, 305 and 350 hours, and were passed 
through a Seitz filter before being added to the nutrient solution 
described by Arnon (1938) in which flax seedlings were growing. The 
ratios of filtrate to nutrient solution tested in each case were 1:3, 1:5 
and 1 : 10 respectively. Wilt symptoms were produced by all filtrates 
from each time of sampling, the severity decreasing with increasing 
dilution. First signs of wilt occurred after three days. The filtrates from 
the Ko solutions proved to be more toxic than those from the correspond¬ 
ing I-L solution. 

The age of the inoculum was found to affect the value of the 
isometabolic point and the rate of growth of any particular strain. The 
use of inoculum from old staled cultures, or inoculum stored in distilled 
water for several weeks or months, resulted in very slow growing 
cultures, in which the drop in pH of the substrate was much greater, 
and the subsequent rise much slower than that which occurred in cultures 
from fresh inoculum of the same strain. For this reason inoculum for 
comparative studies between strains was always obtained from young 
actively growing cultures. 

Staling of the cultures may also affect their virulence to flax. Thus 
Pavlushin (1937) found that cultures of F. lini which had grown for 
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nearly six months on artificial media failed to produce wilt in flax when 
used in inoculation tests, whereas one month old cultures of the same 
isolate were strongly virulent. 


Varietal Reaction to Strains of Fusariitm Uni 

In previous studies of two forms of F. lini designated D1 and D2 
respectively, isolated from two different crops of wilted flax in the 
Drouin district of Victoria, Millikan (1945) concluded from the results 
of tests with numerous flax varieties and selections that these strains 
were distinct from each other and also from two forms of F. Uni from 
New Zealand, and one from Minnesota. 

Similarly, as a result of an extensive investigation conducted at 
Minnesota, Borlaug (1945) demonstrated that the species F. Uni is 
composed of a large number of races which differ in cultural charac¬ 
teristics, pathogenicity on flax varieties, temperature requirements, and 
compatibility. It was found that a variety may be completely susceptible 
to one race, but resistant to another race, and vice versa. An antagonistic 
phenomenon among races of F. lini was also observed. Thus the amount 
of wilt produced in a variety when inoculated singly with either of two 
such races was found to be much greater than the amount produced 
when the same variety was inoculated with a mixture of these two races. 
For this reason, some varieties which have appeared to be resistant in 
the wilt nursery have been proved in greenhouse tests to be susceptible 
to individual races isolated from the same wilt nursery. 

In conjunction with the physiological studies reported above, the 
strains of F. Uni were tested to confirm their pathogenicity to flax, and 
further to determine the reactions of certain flax varieties to them. 

Method. The respective strains of F, Uni were grown for ten days 
in nutrient solution. The cultures were then filtered and washed, and 
the appropriate mycelial mats were added to the top three inches of pots 
of steam-sterilized soil, maintained at a constant temperature of 75° F. 
in the Burnley Temperature Tanks. Three pots were inoculated with 
each particular strain. A sowing of the susceptible Concurrent variety 
(Millikan 1945) was made in all pots immediately after inoculation, to 
assist in increasing the wilt infection in the soil. Approximately two 
weeks after emergence of the Concurrent, very satisfactory wilt develop¬ 
ment had occurred, the actual amount in each pot depending on the 
virulence of the particular strain concerned. The remaining non-wilted 
Concurrent plants were then removed, and the surface of each pot was 
divided into four equal areas by means of short sticks. 

A sowing of Concurrent was made in one of these sections in each 
pot for control purposes, and the remaining three sections were each 
sown with a different test variety. 

After emergence, and before the appearance of wilt symptoms (which 
usually occurred in from four to eight days) the seedlings in each section 
were counted. Later the wilted seedlings were counted and removed at 
frequent intervals up to 50 days after emergence, when the experiment 
was terminated. The percentages of wilt based on the emergence figures 
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were then calculated for each count and from this data the curves shown 
in Figs. 6 and 7 were drawn. 

Results from a few pots in which the Concurrent controls did not 
develop a satisfactory percentage of wilt (compared with that in the 
control sowings in the other pots inoculated with the same strain of 
F. Uni ) were discarded. 
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Fig. 6 .—Results of Experiment No. 1, showing the relative wilt reactions of flax 
varieties grown in sterilized soil inoculated separately with six Victorian and 
seven Minnesota strains of Fusarium Uni respectively, and maintained at a 
constant temperature of 75° F. 
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Results. Two separate experiments were made, the results of which 
are presented in Figs. 6 and 7 respectively. The strains were tested in 
soil maintained at 75° F. to provide standard conditions for comparison 
with the results from previous tests (Millikan, 1945) in which the 
same varieties were grown in naturally infected soil maintained at this 
temperature. 
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Fig. 7. —Results of Experiment No. 2, showing the relative wilt reactions of flax 
varieties grown in sterilized soil inoculated separately with eight Victorian 
strains of Fusarium lini, and maintained at a constant temperature of 75° F. 
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From the results of these two experiments, the following conclusions 
are drawn. All the strains of F. Uni used in the physiological studies 
reported above were shown to be pathogenic to flax, although the 
general virulence of certain strains, e.g., Minnesota IS, 27 and 28, to the 
varieties studied was not as great as that of the remaining strains. 
However, pathogenicity could not be correlated with the values of the 
isometabolic points characteristic of the various strains when grown in 
nutrient solutions. Whereas some strains with high isometabolic points, 
e.g., Minnesota 8 and 11, proved to be highly pathogenic, the Minnesota 
28 strain, which also showed a high isometabolic point, was much less 
pathogenic to the varieties tested. 

Differences in the relative wilt development in the flax varieties tested 
occurred between strains. With the exception of the less pathogenic 
strains, Minnesota 15, 27 and 28, all strains concerned showed indentical 
reactions to the varieties Concurrent, Beladi and La Prevision, whereas 
the remaining varieties showed considerable differences in their relative 
susceptibilities to the strains. 

A striking result occurred in the case of Russian x Argentine, which 
proved highly susceptible to Minnesota 11 and very resistant to all the 
other strains (with the exception of Minnesota 8, which was not included 
in this instance). However, similar differences were found to exist 
between other strains with other varieties. For example, the strains Dl-1 
and Dl-2 produced identical wilt development in the varieties Ottawa 
770B x Buda (moderately resistant), Russian x Argentine Dl-Selection 
(moderately resistant), Rio (susceptible) and Liral Crown Selection 1 
(very susceptible), whereas the variety Newland X (19 x 112) was 
very susceptible to Dl-1 and resistant to Dl-2. 

From the results of the above two experiments, it is concluded, there¬ 
fore, that various isolates of F. Uni concerned could be distinguished 
from each other on the basis of their relative pathogenicity to flax 
varieties. 

The above differences in the wilt reactions of the flax varieties to the 
Victorian D1 and D2 strains of F. Uni are. of considerable significance, 
and fully confirm previous conclusions by Borlaug (1945) that such 
strains isolated from the same wilt nursery may show large differences 
in their relative pathogenicity to selected flax varieties. A variety may 
be resistant in the nursery, yet susceptible to individual strains of F. Uni 
isolated from the nursery soil. 

Previous tests with naturally infected D1 and D2 soils under the same 
temperature conditions (Millikan, 1945) had shown that the varieties 
Newland X (19 x 112) and Royal D1 Selection were very wilt resistant, 
whereas these same varieties proved susceptible to certain individual 
strains of F. Uni isolated from the D1 and D2 areas respectively. 

On the other hand, other varieties, e.g. Liral Crown Selection 1 and 
Rio, proved more resistant to certain individual Victorian strains than 
to the combined wilt flora present in the same naturally infected soil 
from which the strains were isolated. 

From the results obtained in the above and in previous experiments 
(Millikan, 1945) it appears evident that the duration of wilt tests should 
be sufficiently long to enable all susceptible individuals to manifest symp- 
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toms, thus enabling a proper assessment of the wilt reaction of the 
variety under test to be made. For this reason, the writer’s temperature 
tank experiments were conducted for 50 days after emergence, while the 
duration of field experiments, particularly those sown in winter in which 
‘late wilt’ symptoms developed, was considerably longer. In all cases it 
was possible to isolate F. Uni from plants showing date wilt’ symptoms, 
whether grown in the temperature tanks or in the field, and the presence 
of the fungus in the aerial parts of such plants was readily detected 
(Plate I). Results of wilt resistance tests terminated only two or three 
weeks after emergence may therefore not give a true indication of the 
relative wilt resistance of flax varieties. 

Summary 

Comparative studies of eight Victorian and seven Minnesota strains 
of F. lini have been made. 

The effects on the growth of jF. lini Dl-1 of increasing concentrations 
of sodium nitrate, glucose, potassium di-hydrogen phosphate and biotin 
concentrate respectively in the nutrient solution were determined. 

The vitamin nutrition of this strain was also studied. Significant 
increases in growth occurred with the addition of biotin concentrate, 
crystalline biotin methyl ester and dried yeast, although by far the 
greatest growth response followed the addition of biotin concentrate. 
Other members of the vitamin B complex and 1-ascorbic acid gave no 
significant response, except thiamin, which reduced the yield. 

The magnitude of the response to biotin concentrate exhibited by nine 
different strains of F. lini varied considerably. However, irrespective of 
any initial response, all strains showed no significant differences in either 
maximum dry weights or final dry weights at 350 hours between the 
controls and biotin concentrate treatments. All strains were evidently 
capable, in time, of supplying their own needs of the growth factor(s) 
present in biotin concentrate. 

The efficacy of dextrose and sucrose as carbon sources for four strains 
of F. Uni were compared. With three of the strains no significant 
differences occurred between the dextrose and sucrose solutions. With 
the fourth strain (Minnesota 11) the sucrose medium gave significantly 
higher values for the maximum dry weights and during the following 
period of accelerated death rate. 

Growth of F. lini Dl-1 occurred in solutions with initial pH values 
ranging from 2-73 to 7 60. No growth occurred at an initial pH of 1 96. 

The comparative growth of 15 strains of F. lini in two nutrient solu¬ 
tions of different initial pH was studied. In general tw r o stages of growth 
were recognized, viz., a stage of logarithmic growth to a maximum dry 
weight, followed by a stage of accelerated death rate characterized by a 
loss in dry weight. Considerable variation in the rates of growth, as 
indicated by the dry weights, occurred between strains. 

Wide differences also occurred between strains with regard to the 
pH changes which their growth induced in the substrate. One group 
of strains was characterized by a low pH value for the isometabolic 
point, and the other group by a high pH value for this point. The 
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attainment of a pH of 7 5 to 8 0 in the substrate coincided with the 
onset of the phase of accelerated death rate. 

The age of the inoculum appreciably affected the rate of growth and 
pH changes in the substrate. 

Typical wilt symptoms in flax were produced by filtrates of cultures. 

All strains of F. Uni included in the physiological studies were shown 
to be pathogenic to flax. 

Differences in relative wilt development in the flax varieties tested 
occurred between strains. The various isolates of F. Uni could there¬ 
fore be distinguished from each other on the basis of their relative 
pathogenicity to flax varieties. 

A flax variety may be resistant to wilt when grown in naturally 
infected soil, yet susceptible to an individual strain of F. lini isolated 
from that soil, and vice versa. 

In any one flax variety, considerable differences may occur between 
wilt-susceptible individuals growing in infected soil, in the time taken 
to develop wilt symptoms. The duration of wilt tests should there¬ 
fore be sufficiently long to enable all susceptible individuals to develop 
symptoms. 
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Description of Plate 

Plate I.—Transverse (upper) and longitudinal (lower) sections through stem, at 3 in. above 
ground level, of flax plant showing ‘late wilt’ symptoms. Mycelium and spores of 
Fnsarium lini occur in vascular tissues. 
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Introduction 

During the years 1943 to 1947 inclusive, numerous water culture 
experiments were conducted to determine the symptoms in flax resulting 
from the addition to the nutrient solution of excessive amounts of boron, 
iron, molybdenum, aluminium, copper, zinc, manganese, cobalt or nickel. 
Interactions of the effects of many of these elements were also studied 
and the results are described and discussed. 

Method 

The nutrient solution used was that of Arnon (1938), the composition 
of which was as follows: 


Potassium phosphate 

K 2 HPO 4 or KH,PO* 

0-001 

Molar 


Potassium nitrate 

KNOa 

0-006 
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Calcium nitrate 

Ca(N0 3 ) 3 .4H 2 0 
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Magnesium sulphate 

MgS0U.7H 2 0 
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Boron as Boric acid 
Manganese as manganese 

H 3 BO 3 
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sulphate 
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Zinc as zinc sulphate 

ZnSCh. 7H«0 
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Copper as copper sulphate 
Vanadium as Ammonium 

CuSQi.SHaO 
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vanadate 

NHtVOa 
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Chromium as Chrome alum 
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Nickel as nickel sulphate 
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Cobalt as cobalt nitrate 
Tungsten as Sodium 
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Na 2 W04.2H 2 0 
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Iron was added to the solution in the various experiments as one of 
the following two forms: 

(a) An iron solution containing 05 per cent FeS0 4 .7H 2 0 and 0’4 
per cent tartaric acid was added twice weekly at the rate of 06 ml. per 
litre of culture solution. 

(b) A solution containing 05 per cent Ferric citrate was added twice 
weekly at the rate of 0*5 ml. per litre of culture solution. However, the 
first of these solutions was the one most commonly used, as it proved to 
be the more satisfactory source of iron for flax. 

In some of the experiments in which the effects of excesses of man¬ 
ganese, zinc, copper and molybdenum were studied, sodium chloride 
was included in the culture solution at the rate of 0 05 grams per litre. 

The general procedure for the water cultures was similar to that 
described previously (Millikan, 1942, 1943). The flax varieties used 
were Liral Crown and Concurrent and the seedlings were germinated 
in washed sand, and transferred as soon as possible after emergence 
to the water cultures. Two-litre pyrex beakers were used and twelve 
seedlings were grown in each. The 'excess’ treatments were usually 
applied immediately after setting up the cultures, and the experiments 
were normally concluded approximately six to eight weeks later. In 
one experiment, however, the plants were grown for several weeks 
in a normal solution before being subjected to an excess manganese 
treatment. All treatments were set up in duplicate. 

The following are details of the treatments when an element was 
applied in excess of its amount in the normal solution: 

Boron (as H 3 BO 3 ). In the first experiment excess boron was added at 
the rate of 2 5 parts per million. After four weeks this was increased to 
12 5 p.p.m. Toxicity symptoms began to appear seven days after this 
adjustment. In a second experiment 4 p.p.m. of boron were added. 

Iron. The ferrous sulphate solution described above was used in the 
various experiments. It was added at 2, 3, 5 or 10 times the normal 
rate. 

Molybdenum (as (NH 4 ) 2 Mo0 4 ), 0 1, 0 5, 1, 5, 10, 25, 50 and 100 
p.p.m. respectively. The effect of the addition of molybdenum to solu¬ 
tions containing excessive amounts of manganese, zinc, copper, cobalt 
or nickel is described elsewhere (Millikan, 1947c). 

Copper (as CuS0 4 .5H 2 0), 0 05, 0 1, 0 5, 1, 2, 3, 5, 10, 25 and 50 
p.p.m. respectively. 

Aluminium . A half molar solution of AICI3.6H2O was added at rates 
of 1, 3 and 6 ml. respectively per litre of culture solution. In other 
experiments aluminium (as A1K(S0 4 )2• 12H 2 0) was added at the 
rates of 1, 5, 25, 50 and 100 p.p.m. respectively. 

In yet other experiments aluminium was added as A1 2 (S0 4 ) 3 at rates 
of 1, 5, 25 and 50 p.p.m. respectively. In this instance the plants were 
grown on alternate days in a solution with twice the normal phosphorus 
and iron contents, and then in a solution without phosphorus and iron 
but with aluminium. This was to prevent any precipitation of aluminium 
by the phosphorus in the nutrient solution. The control plants were 
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grown on alternate days in solutions either containing twice the normal 
phosphorus and iron contents, or lacking these two elements but without 
the addition of aluminium. 

Cobalt (as Co(N 03 ) 2 - 6 H 2 0 ), 0*5, 1, 2 and 5 p.p.m. respectively. 
Nickel (as NiS0 4 .7H 2 0), 0 5, 1, 2 and 5 p.p.m. respectively. 

Zinc (as ZnS0 4 .7H 2 0), 5, 10, 20, 50 and 100 p.p.m respectively. 
Manganese (as MnS 04 . 4 H 2 0 ), 10, 20, 25, 50, 100 and 150 p.p.m. 
respectively. 

Zinc and manganese toxicities were each studied in conjunction with 
varying concentrations of iron, phosphorus, calcium and aluminium 
respectively in the nutrient solution. 

Two nutrient solutions were used in which the source of phosphorus 
was either K 2 HP0 4 (pH 7-0) or KH 2 P0 4 (pH 4-5). 

Results 

The following are details of the results obtained from the water culture 
experiments: 

Excess Boron 

The leaves in the middle portion of the stem were first affected, while 
the youngest leaves were last to show symptoms. These symptoms 
consisted of a greyish green transparent discoloration which commenced 
at the tips of the leaves, and gradually extended downwards until the 
whole leaf was dead. No yellowing of the top leaves occurred. 

Eaton (1940), Ferguson and Wright (1940), and Eaton (1944) have 
also shown that boron toxicity symptoms are first manifest in the 
older leaves of the plant. Reeve and Shive (1944) have demonstrated 
that increasing potassium, concentrations in the substrate progressively 
accentuated the symptoms of boron toxicity, whereas an increase in the 
calcium concentration markedly reduces toxicity symptoms. The Ca/B 
ratio was shown to determine the response of the tomato plant to boron 
applications. An increase in the potassium concentration markedly 
decreased this ratio. Jones and Scarseth (1944) have similarly con¬ 
cluded that for normal plant growth a certain balance between the 
absorption of calcium and boron is necessary, although the optimum 
ratio varied for different plant species. 

Excess Iron 

Growth became very dwarfed, and the whole plant developed a much 
darker green colour than normal. In the presence of very excessive 
quantities of iron, the roots were also brownish, very swollen, and much 
reduced in growth, and with very stunted lateral roots, compared with 
the controls. The appearance of such roots was similar to those of plants 
subjected to excess aluminium. Ruprecht (1915) has also noted the 
similar appearance of the root systems of clover seedlings subjected to 
iron and aluminium excesses respectively. The symptoms of hyper- 
chlorophylly and restricted growth produced by this treatment appeared 
to be identical with the symptoms of phosphorus deficiency (McMurtrey 
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1938, Millikan 1944). By way of confirmation, it was found that excess 
phosphorus (0010M or 0*020M NaH^PCh. 2HoO) added in conjunc¬ 
tion with excess iron (3, 5 or 10 times the normal concentration) 
resulted in a more nearly normal green colour in the plants. In some 
instances, the tops of the plants actually became chlorotic. Further, the 
same excess of phosphorus alone caused a chlorosis of the top of the 
plant which was cured by supplying additional iron to the solution. 
Olsen (1935), Kapp (1938), Chapman et al (1939), and Chandler and 
Scarseth (1941) have all demonstrated that excessive phosphate may 
cause iron deficiency through reactions within the plant. 

Further, flax plants receiving excess iron, when phosphorus deficient, 
were a darker green colour than plants receiving the same excess of iron 
but a normal supply of phosphorus. 

Conversely, in cultures with a deficiency of iron in the solution, it 
was found that phosphate excess accelerated, and phosphorus deficiency 
retarded, the development of severe chlorotic symptoms. Controls were 
flax plants subjected to the same degree of iron deficiency but with a 
normal phosphorus supply. 

Olsen (1935) obtained somewhat similar results. It was shown that 
in nutrient solutions at pH 6-7 certain plants developed severe chlorosis 
when ferric chloride was used as a source of iron, but no chlorosis when 
ferric citrate was used. It was concluded that at pH 6-7 the iron was 
precipitated in the vascular tissues as phosphate and became unavailable. 
However, when the amount of phosphate in the nutrient solution was 
reduced, no chlorosis occurred even when ferric chloride was used. 

Additional confirmation of the effect of excess iron in causing phos¬ 
phorus deficiency in the flax plant was obtained by testing the roots 
of the plants subjected to the excess iron or phosphorus treatments, 
respectively, for the presence of inorganically bound phosphorus by the 
method described by Wright (1945). The results of these tests showed 
that the roots of the plants receiving an excess of either iron or phos¬ 
phorus in the nutrient solutions contained abundant inorganically bound 
phosphorus, whereas little or none was present in the roots of the control 
plants. 

From the above it is concluded that an excess of iron or of phosphorus 
in the tissues of the plant resulted in some form of antagonistic reaction, 
thereby causing a deficiency of whichever element is not present in 
excess. 

As a further instance of the relationship between phosphorus and 
iron in the plant, it was found (as described in the sections on excess 
manganese and zinc) that phosphorus deficiency considerably delayed 
the development and reduced the severity of iron deficiency chlorosis, 
which is normally associated with excessive amounts of manganese or 
zinc in the nutrient solution. 

However, from the literature it is apparent that many factors may 
upset normal iron metabolism in the plant. Bennett (1945) and 
Chapman (1945) list the following such factors: Excesses of either 
phosphorus, potassium (in a solution low in calcium) and manganese, 
and slight excesses of copper or zinc. Chapman also found that citrus 
cultures maintained at approximately pH 4-0, and supplied with 
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adequate iron, developed typical iron chlorosis if subjected to a deficiency 
of either potassium or magnesium. More iron chlorosis appeared in 
winter than in summer. This latter observation has been confirmed by 
Millikan (1945). Thorne and Wallace (1944) have suggested that the 
balance between ferrous and ferric iron in the plant is very important. 

Somers and Shive (1942) and Pearse (1944) have claimed that 
excessive iron produced a chlorosis which was identical with that induced 
by lack of manganese, and that the ratio of iron to manganese in the 
nutrient solution, corresponding to good growth and development, fluc¬ 
tuated within a somewhat narrow range. However, this result could 
not be confirmed for flax, as none of the plants in the Burnley water 
cultures, to which considerable excess of iron was added, showed any 
chlorosis. Kriel (cited by Bennett 1945) has shown that the iron to 
manganese ratio in the plant had no relation to the chlorosis produced. 

Further, in unpublished field experiments by the writer, iron citrate 
applied to flax at the rate of 5 cwt. per acre caused no yellowing, whereas 
4 cwt. per acre of manganese sulphate did cause chlorosis. Demetriados 
(1938) also studied the effects of additions of excessive amounts of 
iron to the soil upon three different species of plants. The treatments 
resulted in an increased iron concentration in the tissues, but no chlorosis 
was observed, although various other toxic effects occurred. Similarly, 
Scholz (1937) found that in the presence of excessive amounts of iron 
or of aluminium in the soil, the plant may suffer from phosphate 
deficiency. 

Excess Molybdenum 

First symptoms resulting from the presence of excess molybdenum 
in the solutions were observable in the meristematic tissues of the roots 
of the plants after three days. These roots assumed a golden-orange 
colouration, and at the higher concentrations of molybdenum practically 
no lateral root development occurred, and the main root remained very 
dwarfed. Warrington (1946) has produced similar root symptoms in 
lettuce subjected to molybdenum poisoning. With as little as 0 5 p.p.m. 
of molybdenum in the culture solution, root development of the flax 
seedlings was restricted and a golden-orange colouration was noticeable 
after three days. Later, at the lower molybdenum concentrations, lateral 
root development recovered, and the new roots were not obviously 
orange in colour. 

Top growth was slightly reduced at the lower levels of molybdenum 
(up to 5 p.p.m.), but at the higher levels (25, 50 and 100 p.p.m.) aerial 
growth was very severely reduced and a golden-yellow colouration of 
the leaves occurred. This colouration was most marked at the highest 
molybdenum concentrations. At lower molybdenum concentrations only 
the bottom leaves of the plant were usually involved. This golden-yellow 
colouration was not the same in appearance as the pale yellow to whitish 
colouration of the top leaves typical of iron deficiency, nor was it 
prevented by the application of additional iron to the solution. 

Warrington (1937, 1946) has also described the occurrence of a 
golden-yellow or reddish-yellow colour in the shoots of tomato, the 
tubers of potato, and leaves of lettuce, respectively, when the plants were 
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grown in solutions containing high concentrations of sodium molybdate. 
The colour reactions were associated with the presence of yellow globules 
of a tannin-molybdenum compound in the tissues. Tissues of molyb¬ 
denum-treated plants containing anthocyanin also showed large numbers 
of blue granular accumulations which were apparently of an anthocyanin- 
molybdenum nature. 

In view of the evident similarity of the golden-yellow colouration in 
the flax plants to that described by Warrington, and its apparent dis¬ 
similarity to iron deficiency chlorosis, tests for tannins were made on 
the leaves and roots. The following two reagents were used: 

(1) 10% ferric chloride plus a small amount of sodium acetate. 

(2) 1% osmic acid. 

The formation of a greenish-black colouration with (1), and a black 
colouration with (2), are positive indications for the presence of tannins. 
The presence of tannins in the molybdenum poisoned flax tissues was 
confirmed by these tests. 

The important effect of molybdenum in reducing the severity of 
toxicity symptoms caused by an excess of manganese, zinc, copper, 
nickel or cobalt has been described elsewhere (Millikan, 1947). 

Excess Aluminium 

In the various experiments, the symptoms produced by aluminium 
toxicity were identical, irrespective of whether the excess aluminium 
was applied in solutions with or without phosphate, indicating that even 
in the presence of phosphate (which precipitates aluminium) the plant 
was able to absorb sufficient aluminium to cause poisoning. How¬ 
ever, when the aluminium was applied in a separate solution from 
that of the phosphate, the toxic concentration was less than when 
aluminium and phosphate were present in the same solution. McLean 
and Gilbert (1928) have shown that even lion-diffusible colloidal 
aluminium hydroxide in contact with barley roots is definitely harmful. 

The addition of aluminium chloride (0 005M) to the culture solution 
originally pH 7, stimulated the rate of growth of the flax, which became 
darker green than the normal. No necrotic lesions occurred on the 
leaves. 

In the solution originally pH 4 5, the addition of aluminium was 
harmful to growth, the injury being first noticeable in the roots three 
days after setting up the cultures. The plants became dwarfed due to a 
shortening of the internodes between leaves and a reduction in leaf areas. 
The leaves were typically darker green than normal but they showed no 
necrosis. Eisenmenger (1935) has described a similar darkening and 
dwarfing of the foliage of tobacco plants supplied with aluminium 
salts. On the other hand, Ligon and Pierre (1932) state that in their 
cultures containing excess aluminium the leaves of sorghum showed a 
characteristic chlorosis. However, the arrangements for supplying iron 
to the test plants in their experiments appear to have been quite 
inadequate. 

The root development in the flax plants receiving excess aluminium 
in the Burnley experiments was very poor, as little as 5 p.p.m. of 
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aluminium causing a noticeable reduction in root development, but little 
or no reduction in aerial growth, while one part per million of aluminium 
caused no noticeable reduction in root growth. With concentrations of 
aluminium higher than 5 p.p.m., practically no lateral root development 
occurred, such roots remaining as short abortive stubs close to the single 
main primary root, which did not elongate much but became light brown 
and very swollen and distorted. Similar root characteristics resulting 
from excess aluminium have been described by Ruprecht (1915), Stok- 
lasa (1919), Magistad (1925), McLean and Gilbert (1927), Ligon and 
Pierre (1932), and Bortner (1935). The latter has also referred to a 
slight tip burn on the lower leaves of tobacco plants treated with 4 to 6 
parts per million of aluminum. However, in the presence of a concen¬ 
tration of aluminium as high as 100 p.p.m. no leaf necrosis was observed 
by the writer in flax after one month. 

The direct toxic effects of aluminium appear to be confined to the 
root tissues. Ruprecht (1915) found that the stunting of the roots was 
due to the killing of the cells in the meristematic tissues. Also McLean 
and Gilbert (1927) showed that aluminium absorbed by the plants 
accumulated in the cortical tissues of the roots, and was concentrated in 
the nuclei. However, Peterburgskii (1945) has stated that aluminium 
ions are mobile in flax plants, which therefore suffer more from 
aluminium poisoning than do species such as peas which retain most of 
the aluminium ions in the roots. 

The following microchemical tests were made on the roots of plants 
subjected to excess aluminium in the Burnley water cultures, to confirm 
that aluminium was actually present in the tissues and to determine its 
location. The roots to be examined were fixed in formalin acetic alcohol, 
dehydrated in alcohol, cleared in xylol, embedded in paraffin, sectioned 
with a microtome and fixed to glass slides with Haupt’s adhesive. 
Roots from both normal solutions and excess-aluminium solutions were 
included. 

(a) Haematoxylon method (Hoffer and Carr (1923), Snell (1941)). 

1. The tissues were first tested for the presence of iron by being 
placed in a 20% solution of potassium thiocyanate strongly acidified 
with hydrochloric acid. This gave a negative reaction. 

2. Sections were then placed in a saturated solution of ammonium 
carbonate which had been coloured deep red by haematoxylon. Lavender 
blue staining areas indicative of the presence of aluminium occurred in 
the epidermal cells and cortical tissues immediately underneath. The 
meristematic tissues of the abortive lateral roots were particularly deeply 
stained (PL II, fig. 1). The colour changed to yellowish brown on the 
addition of dilute acid. This confirmed the poisoning of the cells in the 
meristematic region described by Ruprecht (1915). 

(b) Aurin tricarboxylic acid method (Lange, 1944) 

A hot 01% aqueous solution of aurin tricarboxylic acid containing a 
few drops of hydrochloric acid and buffered with ammonium acetate 
was used. After treatment in this solution, the sections were transferred 
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to a saturated ammonium carbonate solution to decolourize the excess 
reagent. The presence of aluminium was indicated by the occurrence 
of a bright red colour in the epidermal cells and immediately underlying 
cortical cells (see Plate II, fig. 1). 

(c) Sodium alizarin sulphonate (Alizarin Red S ) (Yoshi and Jimbo 
(1932) and Lange (1944)). 

A slightly acidified 0T% aqueous solution of alizarin red S was used. 
This produced a bright red lake in the same tissues as the above two 
reagents. However, all the cells in the root took up the colour to some 
extent. None of the cells in the roots from the normal solutions was 
so stained. 

A combination of aluminium with phosphate in the plant has been 
indicated by Sergeev and Sergeev (1929), Pierre and Stuart (1933) 
and by Wright (1943, 1945). The latter demonstrated the presence of 
abundant inorganically bound phosphorus in the tissues of the roots in 
contact with aluminium, but little or none in those from culture solutions 
lacking this element. 

The tests specified by Wright (1945) were made on fresh sections 
of the roots of the flax plants receiving excess aluminium in the Burnley 
experiments. These tests also revealed abundant inorganically bound 
phosphorus in the roots in contact with the aluminium, whereas very 
little was found to be present in roots from the control plants. As the 
bound phosphorus was unavailable for plant metabolism, it follows that 
the abnormally dark green colour of the leaves, and the restricted growth 
of the flax plants receiving aluminium, were probably symptoms of 
phosphorus deficiency. McMurtrey (1938) and Millikan (1944) have 
shown that phosphorus deficient tobacco and flax plants, respectively, 
manifest similar symptoms. 

From the above, it would be expected that the presence of aluminium 
would increase the phosphorus requirement of plants. Haas (1936b) 
has found this to be so with citrus, which showed a greatly increased 
phosphorus content in the presence of aluminium. Wright (1943) also 
demonstrated that barley plants grown in the presence of aluminium 
contained a greater percentage of phosporus than did normal plants. 
However, the water-soluble phosphorus content of the aluminium-treated 
plants was low, which fact was attributed to the precipitation of phos¬ 
phorus by aluminium within the plant, thus causing a phosphorus 
deficiency in the meristematic regions. Previously Hoffer and Carr 
(1923) had similarly observed that the phosphorus content of the nodal 
tissues of corn plants was higher when iron and aluminium compounds 
became concentrated in these tissues. 

Further, it has been demonstrated in the Burnley experiments, and 
also by Conner and Sears (1922) and McLean and Gilbert (1928), that 
the toxicity of aluminium salts is somewhat counteracted by increasing 
the amount of phosphate used. This counteraction is evidently due to 
the provision of sufficient phosphate for plant metabolism in addition to 
that required to precipitate the aluminium within the plant (Pierre and 
Stuart (1933), Wright (1937)). 
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However, the mechanism of the aluminium-phosphate relationship 
within the plant appears to be still obscure. The hypothesis that the 
precipitation of phosphorus within the plant due to a combination with 
aluminium results in a deficiency of phosphorus, does not appear to be 
feasible, in view of the fact that the amount of aluminium present is 
only a fraction of the phosporus content of the plant. On the other hand, 
it may be that the location of aluminium in the tissues of the roots, as 
indicated by the microchemical tests described above, may eventually 
lead to some reduction in the intake of phosphate by the roots, and 
interfere with its translocation within the plant. 

From the work of Magistad (1925), it seems probable that aluminium 
displaces iron. He found that plants supplied with aluminium showed 
an increased percentage of this element in the tissues, while that of iron 
was reduced. 

Results of the Burnley experiments further showed that aluminium 
had a marked effect in preventing or delaying the development of 
toxicity symptoms (particularly iron deficiency chlorosis) resulting from 
the addition of excessive quantities of either manganese or zinc to the 
solution (PI. II, fig. 2). This is described further in the sections 
relating to the effects of excesses of manganese and zinc respectively. 
It seems probable that this detoxifying effect of aluminium is related to 
its influence on the utilization of phosphorus in the plant as described 
above. Somers and Shive (1942) (but see Leeper (1944)) have sug¬ 
gested that the effect of excess manganese (or cobalt) is to catalyze the 
oxidation of the iron to the ferric state, and to precipitate it in the form 
of some ferric-phosphate-organic complex, thus inducing iron deficiency. 
It is evident, therefore, that if the phosphorus were made unavailable to 
plant metabolism by aluminium, this ferric-phosphate complex could not 
be formed, so that the plant would not suffer from iron deficiency in the 
presence of excess manganese or zinc. That such an explanation is 
possible is indicated by the fact that plants subjected to phosphate 
deficiency, together with an excess of either manganese or zinc in the 
nutrient solution, manifest considerably less severe symptoms of iron 
deficiency chlorosis compared with those produced in plants receiving 
the same excess of manganese or zinc but a normal level of phosphorus 
(PL II, fig. 4). 

Haas (1936a), Schappele (1945) and Liebig et al. (1942 ) also 
observed that aluminium exhibited a similar detoxifying effect with 
respect to zinc, manganese and copper respectively. The latter’s results 
indicated that the detoxifying influence of aluminium on copper was 
seated in the roots. The aluminium did not prevent the absorption of 
copper by the roots, but did in some manner prevent injury by this 
element. Liebig et ai conclude that 'the antagonistic effect of a trace of 
one element upon another may profoundly influence plant growth, and 
yet mean nothing with regard to essentiality.’ 

Excess calcium added in conjunction with 25 p.p.m. of aluminium 
tended to offset slightly the harmful effect of tiie excess aluminium. 
This accords with the results of Eisenmenger (1935), who found that 
the calcium ion was a decided factor in overcoming the toxicity of 
aluminium. 
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Excess Copper 

At a given concentration, copper was found to be much more toxic 
to flax than zinc. De Rose et al. (1937) obtained a similar result with 
tomato plants. As little as 0*5 p.p.m. of copper induced severe symptoms 
in flax, while with more than 2 p.p.m. practically no growth occurred. 
On the other hand, at a concentration of 0 05 p.p.m. of copper the 
growth of the flax w r as practically normal. With oats Piper (1942) 
observed an initial depression in growth with more than 0 25 p.p.m. of 
copper. Later, however, even plants receiving 3 p.p.m. of copper showed 
considerable recovery. It would thus appear that oats are more tolerant 
to high concentrations of copper than flax. 

The effects of copper toxicity in flax were first manifest by a retard¬ 
ation of growth, and the development of a chlorosis and necrosis of the 
top of the plant (Plate II, fig. 3). This chlorosis was prevented by 
supplying extra iron to the solution. The relation of this copper-induced 
iron deficiency to molybdenum has been described by Millikan (1947c). 
References to copper-induced chlorosis in plants have been given by 
Wallace and Hewitt (1946) and Millikan (1947c). 

A secondary symptom of copper toxicity consisted of a necrosis of 
the lower leaves (which were usually chlorotic), commencing from the 
tips. This lower leaf necrosis also occurred in plants receiving excess 
copper together with additional iron to alleviate the iron deficiency 
chlorosis. Broyer and Furnstall (1945) also describe a progressive death 
of the older leaves of barley plants from the tip due to copper toxicity. 

Copper in the solution was much more toxic to the root development 
of flax than was zinc or manganese (PI. Ill, fig. 1). The copper- 
poisoned roots were brown, very stunted, and without any laterals. 
Similarly, Broyer and Furnstall found that the root growth of barley 
was particularly affected by the presence of small amounts of copper in 
the solution. 

Excess Zinc 

The addition of as little as 5 p.p.m. of zinc to the normal nutrient 
solution had a deleterious effect on growth. The first symptoms pro¬ 
duced by an excess of zinc consisted of iron deficiency chlorosis (PI. II, 
figs. 3, 4; PL III, fig. 1). This aspect of zinc poisoning has been 
described by Wallace and Hewitt (1946) and Millikan (1947b). It was 
possible to prevent entirely the development of this chlorosis of the top 
of the plant by supplying additional iron to the solution at the same 
time as the excess zinc was added. However, although the additional 
iron prevented the development if iron deficiency chlorosis, it did not 
alleviate other toxic effects of zinc such as dwarfing of the roots and 
aerial parts of the plant (PL II, fig. 4). 

The appearance of iron deficiency chlorosis was also considerably 
delayed, and its severity much reduced, by subjecting the plants to 
phosphorus deficiency in conjunction with excess zinc, although the 
plants remained dwarfed. This result is further discussed in the section 
on excess aluminium. By contrast, the chlorosis associated with excess 
zinc was aggravated by adding excess phosphate (0 005M or OOIOM 
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NaH 2 P0 4 .12H 2 0) to the excess zinc solutions (PL II, fig. 4). The 
same excess of phosphate in the presence of a normal zinc concentration 
also induced iron deficiency chlorosis. 

However, excess phosphate (in the presence of additional iron to 
prevent iron deficiency chlorosis in the plants) greatly retarded the 
development of the lower leaf necrotic symptoms described below as 
being associated with excess zinc in the nutrient solution. This supports 
the existence of a zinc-phosphorus relationship in the plant (Millikan, 
1946, 1947a). The severity of zinc-induced chlorosis was found to be 
dependent upon the supply of molybdenum (Millikan, 1947c). 

A feature of the effect of excess zinc in inducing iron deficiency was 
that the chlorosis was less marked in the presence of 100 p.p.m. of zinc 
than 10 or 20 p.p.m. However, with the increasing concentrations of 
zinc, growth was progressively reduced, so that the lack of chlorosis at 
the higher zinc concentrations may possibly be attributable to a lower 
iron requirement due to the poorer growth. On the other hand, the 
control solutions, which received the same amount of iron, made the best 
growth and showed no chlorosis. 

The secondary symptoms produced by excess zinc occurred on the 
older leaves of the plant, and consisted of a necrosis which commenced 
at the tips of the lower leaves. These symptoms have been described 
by Millikan (1947b). The necrosis of the tip of the leaf was usually 
associated with a slight chlorosis of the non-necrotic portion of the leaf 
(PI. Ill, fig. 2). This serves to distinguish this necrosis from the lower 
leaf necrosis caused by excess manganese. However, the lower leaves 
of plants receiving excess zinc in the nutrient solution often showed 
another characteristic symptom in the form of numerous small bronze 
to brown coloured spots which usually, but not always, occurred first on 
the under surface of the leaf. In one experiment the spots were first 
discernible on the upper surface. Later, however, the spots are dis¬ 
cernible on both surfaces, coalesce, and become necrotic. 

The leaf necrotic symptoms referred to above were identical, irrespec¬ 
tive of whether or not the iron deficiency chlorosis was prevented by 
supplying extra iron to the solution. 

Plants receiving excess zinc sometimes developed numerous necrotic 
spots on the lower portion of the stems. Individual spots were light to 
rusty brown in colour, and were larger than those caused by excess 
manganese. 

It was found that a concentration of 00005M A1C1 3 .6H 2 0 in the 
culture solution had the effect of markedly alleviating the toxic effects 
of concentrations of 10, 20, 50 or 100 p.p.m. of zinc (PL II, fig. 2). 
Little initial iron deficiency chlorosis developed, and the onset of leaf 
necrosis was considerably delayed, although when it did occur its charac¬ 
teristics were similar to those described above. A possible explanation 
of this effect is submitted in the section on excess aluminium. Haas 
(1936a) and Schappele (1945) have also reported that where zinc 
concentrations in the culture solution became somewhat excessive, the 
addition of aluminium benefited growth. Schappele also reported ’ that 
the addition of boron counteracted the toxic effects of zinc. 



36 


C. R. Millikan: 


Root development of the flax plants grown in the presence of excessive 
amounts of zinc was severely curtailed. In this respect, excess zinc was 
more toxic than excess manganese, but less toxic than excess copper 
(PI. Ill, fig. 1). 

Excess Manganese 

Variable leaf characteristics resulting from an excess of manganese 
in the nutrient solution have been obtained in different experiments. 
The cause of this variation has not been fully established, although it 
appeared to be partly related to seasonal conditions. In this regard, 
Hopkins et al . (1944) have demonstrated that light intensity may have 
an important effect on the type of symptom induced by excess man¬ 
ganese, while Gile (1916) has reported manganese chlorosis (which is 
due to iron deficiency) as being most intense during winter months. 
Chapman (1945) has also observed that more iron chlorosis occurred 
in his citrus cultures in winter than in summer. 

In a solution of pH 7, the young flax plants appeared to tolerate a 
concentration of 10 p.p.m. of manganese without any harmful effects on 
growth becoming apparent for several weeks at least. When the seed¬ 
lings were subjected to a greater excess of manganese (25, 50, 100 or 
150 p.p.m. respectively) they showed signs of toxicity symptoms after 
approximately 12 to 14 days. 

There was evidence that the minimum toxic concentration of man¬ 
ganese was lower in the solution at pH 4 5 than in that at pH 7*0. This 
accords with the results of Olsen (1934, 1936) and Chapman ct al. 
(1939), who-showed that plants were able to absorb more manganese 
in an acid solution than in a neutral solution. 

The tops of the plants developed a chlorosis (PI. II, fig. 3; PL III, 
fig'- 1)> while in the neutral solution a brown necrosis developed at the 
middle of one or both edges of the second lowest pair of leaves. This 
necrosis soon involved the whole of the distal half of the leaf. In the 
solution of pH 4*5 the flax seedlings did not develop this ‘middle 
leaf necrosis' of the second pair of leaves. However, the subsequent 
symptoms described below were identical for both solutions. 

It was found that the intensity of the chlorosis of the top of the 
plant referred to above could be reduced, or its appearance prevented, 
by the addition of extra iron to the solution. However, the addition of 
extra iron to the solution did not prevent the occurrence of other toxic 
symptoms due to excess manganese, e.g., dwarfing and lower leaf 
necrosis. The chlorosis appeared to be more severe in experiments 
conducted in winter than in summer. 

The literature on manganese-iron relationships in plants has been 
reviewed by Twyman (1946), Wallace and Hewitt (1946), and Milli¬ 
kan (1947). It has been claimed by Somers and Shive (1942) that 
pathological symptoms resulting from excess manganese are identical 
with those of iron deficiency and vice versa. This conclusion is not 
supported by the results of the Burnley water culture experiments, 
where, as described below, a characteristic type of necrosis, not typical 
of iron deficiency, occurred consistently in the leaves of flax plants 
receiving excess manganese (PL IV, figs. 1, 2) even when the iron 
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deficiency symptoms had been remedied or prevented by the adminis¬ 
tration of additional iron (2, 4, 5 or 10 times the normal concentration) 
to the solution. The plants so treated actually showed a condition of 
hyperchlorophylly, and were still dwarfed. The characteristics of the 
leaf necrosis were similar at all levels of iron. Hopkins et at. (1944) 
also found that when the iron deficiency chlorosis in pineapple plants 
growing on a manganiferous soil had been prevented by spraying with 
iron sulphate, the plants still continued to absorb large amounts of 
manganese, and developed other peculiarities. Further, the symptoms 
induced in flax by an excess of iron in the Burnley water cultures were 
not those of manganese deficiency chlorosis. Again, it has been shown 
that iron deficiency chlorosis in plants may also be induced by an excess 
of copper, zinc, cobalt or nickel as well as by excess manganese, and 
that its severity in all these instances is dependent upon the supply of 
molybdenum (Millikan, 1947c). The supply of aluminium will also 
affect manganese-induced iron deficiency chlorosis. 

In the water cultures, the general growth of the flax plants receiving 
excess manganese became retarded, and within a fortnight of setting 
up, and at the higher manganese concentrations, lower leaves other than 
the second pair of leaves commenced to become necrotic from the tips 
downwards. In some leaves the necrosis first appeared not at the 
ultimate tip, but very close to it, in the form of minute dark spots on 
the edges of the leaves. These necrotic spots soon enlarged until the 
whole of the top half of the leaf was involved. It was characteristic of 
this type of leaf symptom that the spread of the necrosis did not involve 
the lower half of the leaf, which remained practically normal green in 
colour (PI. IV, fig. 1). When they first appear, the necrotic spots may 
be seen on both surfaces of the leaf, although they may be more pro¬ 
nounced on the upper surface. This serves to distinguish them from 
early zinc toxicity symptoms. 

At first the necrotic tips were usually brown to dark brown, later 
becoming lighter in colour and the plants as a whole showed only a 
slight general chlorosis. 

Another type of leaf symptom associated with an excess of manganese 
in the nutrient solution consisted of numerous necrotic spots on the 
lower leaves. These spots were characteristically dark brown and 
occurred on any portion of the leaf, but were largest at the sides and 
tip (PI. IV, fig. 2). They occurred simultaneously on both surfaces of 
the leaf. The leaves later became somewhat distorted, being bent and 
slightly twisted. This necrotic spotting has occurred with and without 
much chlorosis, depending on the level of iron in the nutrient solution. 
The factors governing the occurrence of this type of leaf spotting rather 
than tip necrosis, have not been determined. A further symptom of 
manganese toxicity in flax was the occurrence of numerous small brown 
spots on the stems of the plant. These spots often coalesced to form 
larger browned areas. 

It was found that the addition of aluminium chloride 0 0005M, or 
AlK(SO' 4 ) 2 .12H 2 0 at a concentration of 1 p.p.m. of aluminium, to 
culture solutions containing excess manganese (up to 150 p.p.m.), con¬ 
siderably reduced the intensity of, or entirely eliminated, the chlorosis 
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and retarded the development of leaf necrosis (usually tip necrosis). 
Schappele (1945) also found that the addition of aluminium (or boron) 
counteracted the chlorosis associated with manganese toxicity in pine¬ 
apples grown in water cultures. 

Bortner (1935) has reported that the removal of phosphorus from 
the culture solution lowered the manganese concentration at which iron 
deficiency chlorosis developed. This effect could not he confirmed in the 
Burnley water culture experiments. Actually, it was found that phos¬ 
phorus deficiency in conjunction with excess manganese (10, 25, 50, 
100 and 150 p.p.m. respectively) prevented the development of iron 
deficiency chlorosis. This effect was considered to be due to the fact 
that phosphorus-deficient flax plants arc typically darker green than the 
normal (Millikan, 1944) and evidently contain a higher content of 
physiologically active iron than plants grown at a higher phosphate level. 
Excess manganese (100-150 p.p.m.) in conjunction with phosphorus 
deficiency also did not cause such a marked dwarfing of the flax plants 
as when the same excess treatment was applied with a normal solution. 
However, leaf necrotic symptoms due to the excess of manganese were 
identical in the presence of either a normal or deficient supply of 
phosphorus. 

On the other hand, it was found that the addition of excess phosphate 
(0 005M or 0010M NalloPCU) to cultures containing excess man¬ 
ganese increased the severity of iron deficiency symptoms to such a 
degree that the tops of the plants soon became necrotic. 

It seems evident from the results obtained with tobacco by Swanback 
(1939) that an antagonism exists between calcium and manganese in 
their absorption. Increasing calcium concentrations were found to reduce 
the intake of manganese and its translocation to the leaves. Conversely, 
Fried and Peech (1946) found that excessive manganese absorption 
reduced the uptake of calcium. 

Excess Cobalt 

Within three days, the lateral root growth of plants in the solutions 
receiving 1 p.p.m. or more of cobalt was noticeably stunted, whereas in 
the cultures receiving 0-5 p.p.m. of cobalt no such stunting occurred. 

I he tops of the plants became dwarfed and soon developed a chlorosis 
which was characteristic in that the main veins of the leaves remained 
green (PI. Ill, fig. 3). This was in contrast with the chlorosis caused 
by excess copper, zinc, manganese and nickel, where the whole of the 
leaf became yellow or even white. The severity of the cobalt-induced 
chlorosis was reduced by supplying additional iron to the solution. 
Brenchley (1938) and Somers and Shive (1942) have shown that 
excess cobalt will produce symptoms similar to, or identical with, iron 
deficiency chlorosis in plants. 

In the case of flax, the chlorosis of the upper leaves was followed by 
a necrosis of the top of the plant. With 5 p.p.m. of cobalt, this necrosis 
first appeared within 14 days of setting up the cultures. Aerial growth 
at this concentration was very severely reduced. 

A characteristic type of necrosis also appeared in the older leaves. It 
commenced on one or both edges of the lower half of the leaf. It thus 
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differed from the lower leaf tip necrosis induced by excess manganese, 
zinc or copper. The severity of cobalt-induced chlorosis and necrosis 
was reduced by supplying additional molybdenum to the solution (Milli¬ 
kan, 1947c). 

Excess Nickel 

A concentration of 0*5 p.p.m. of nickel caused a noticeable retardation 
in lateral root development. This retardation became more severe with 
increasing concentration. With 5 p.p.m. of nickel, little aerial growth 
occurred and the tops of the plants finally became necrotic. Chlorosis 
of the top leaves occurred at all concentrations of nickel used. The 
severity of this chlorosis was reduced by supplying extra iron or molyb¬ 
denum to the solution (Millikan, 1947 c). Haselhoff (1893), Cotton 
(1930) and Brenchley (1938) report that nickel toxicity symptoms 
consist of a chlorosis of the youngest leaves. 

Summary 

During 1943 to 1947 inclusive, many water culture experiments have 
been made to determine the symptoms produced in flax by excesses of 
boron, iron, molybdenum, aluminium, copper, zinc, manganese, nickel 
and cobalt. 

Excess boron resulted in the death of the older leaves of the plant. 
No chlorosis occurred. 

Excess iron induced a hyperehlorophylly. Growth of tops and roots 
was stunted. The thickened roots contained abundant inorganically 
bound phosphorus. Phosphorus deficiency intensified the hyperchloro- 
phylly and excess phosphorus reduced it. 

Excess molybdenum caused a stunting of roots and tops and a golden 
yellow to orange colouration. The presence of tannins was detected in 
the discoloured tissues. 

Excess aluminium caused the roots to be dwarfed and thickened, 
with very little lateral growth at the higher concentrations. Top growth 
was also dwarfed and darker green than normal. The presence of 
aluminium was detected in the cortical and meristematic tissues of the 
poisoned roots. Aluminium had a marked effect in reducing or prevent¬ 
ing the occurrence of iron deficiency chlorosis caused by excess zinc or 
manganese. 

Excess copper was very toxic to flax. It induced iron deficiency 
chlorosis, also necrosis of the lower leaves from the tips. 

Excess zinc caused severe dwarfing and iron deficiency chlorosis, also 
necrosis. The severity of this chlorosis was reduced by additional iron 
or by phosphorus deficiency. It was aggravated by excess phosphorus. 
Necrosis from the tips of the lower leaves occurred. Minute quantities 
of aluminium alleviated the toxic effects of excess zinc. Root develop¬ 
ment was severely restricted. Zinc was more toxic than manganese, but 
less than copper in this respect. 

Excess manganese induced iron deficiency chlorosis, which was pre¬ 
vented or cured by supplying additional iron, molybdenum or aluminium, 
or by phosphorus deficiency. Secondary symptoms consisted of a tip 
necrosis or a necrotic spotting of the lower leaves. 
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Excess nickel and excess cobalt both induced iron deficiency chlorosis, 

also necrosis in flax, the severity of which was reduced by applying 

small quantities of molybdenum. 

Acknowledgment 

This investigation was conducted in the Biological Branch of the 

Department of Agriculture, Victoria. 

References 

Bennett, J. P., 1945. Iron in leaves. Soil Sci., 60: 91-105. 

Bortner, C. E., 1935. Toxicity of manganese to Turkish tobacco in acid Kentucky 
soils. Soil Sci., 39: 15-33. 

Brenchley, W. E., 1938. Comparative effects of cobalt, nickel and copper on 
plant growth. Ann . App. Biol. , 25: 671-694. 

Broyer, T. C., and Furnstall, A. H., 1945. A note on the effects of copper 
impurities in distilled water on growth of plants. Plant. Physiol., 20: 690- 
691. 

Chandler, W. \ and Scars etii, G. D., 1941. Iron starvation as affected by 
over-phosphating and sulphur treatment on Houston and Sumter clay soils. 
Jour. Amor. Soc. Agron., 33: 93-104. 

Chapman, H. D., 1945. Mineral nutrition of plants. Ann. Rev. Biochem., xiv: 
709-732. 

Chapman, H. D., Liebig, G. I'., and Vanselow, A. P., 1939. Some nutritional 
relationships as revealed by a study of mineral deficiency and excess 
symptoms on citrus. Soil Sci. Soc. Amcr. Proc., 4: 196-200. 

Conner, S, D., and Sears, O. H., 1922. Aluminium salts and acids at varying 
hydrogen-ion concentrations, in relation to plant growth in water cultures. 
Soil Sci., 13: 23-34. 

Cotton, M., 1930. Toxic effects of iodine and nickel on buckwheat grown in 
solution cultures. Bull. Torrey* Bot. Club., 57: 127-140. 

De Rose, H. R., Ejsenmenger, W. S., and Ritchie, W. S., 1937. The compara¬ 
tive nutritive effects of copper, zinc, chromium and molybdenum. Mass. 
Agr. Expt. Sia. Bull., 339: 11-12. 

Demetriados, S., 1938. Abstract in Chem. Abs., 35: 7467. 

Eaton, S. V., 1940. Effects . of boron deficiency and excess on plants. Plant 
Physiol., 15: 95-107. 

Eaton, F. M., 1944. Deficiency, toxicity and accumulation of boron in plants. 
Jour. Agr. Res., 69: 237-277. 

Eisenmenger, W. S., 1935. Toxicity of aluminium salts to tobacco plants. Jour. 
Agr. Res., 51 : 919-924. 

Ferguson, W,, and Wright, L. E., 1940. Micro-element studies with special 
reference to the element boron. Sci. Agr., xx: 470-487. 

Frted, M., and Beech, M+, 1946. The comparative effects of lime and gypsum 
upon plants grown on acid soils. Jour. Amcr. Soc. Agron., 38: 614-623. 

Gile, P. L., 1916. Chlorosis of pineapples induced by manganese and carbonate of 
lime. Science, 44 : 855-857. 

Haas, A. R. C., 1936a. Zinc relation in mottle-leaf of citrus. Bot. Gaz., 98: 
65-86. 

-, 1936b. Phosphorus nutrition of citrus and the beneficial effect of alu¬ 
minium. Soil Sci., 42: 187-201. 

Haseliioff, E., 3893. Versuche uber die schadliche Wirkung von nickelhaltigen 
Wasser auf Pflanzen. Landw. Jahrb., 22: 862, 867. 

Hoffer, G. N., and Carr, R. II., 1923. Accumulation of aluminium and iron com¬ 
pounds in corn plants and its probable relation to root rots. Jour. Agr. Res., 
23: 801-824. 

Hopkins, E. F., Pagan, V., and Ramirez Silva, F. J., 1944. Iron and manganese 
in relation to plant growth and its importance in Puerto Rico. Jour. Agr. 
Univ. Puerto Rico, 28: 43-101. 




Effects on Flax of Toxic Concentrations 41 

Jones, H. E., and Scarseth, G. D., 1944. The calcium-boron balance in plants 
as related to boron needs. Soil ScL, 56: 15-24. 

Kapp, L. C, 1938. Rice nutrition. Arkansas Agr. Expt. Sta. Bull., 368: 35-38. 

Lange, N. A., 1944. Handbook of Chemistry, 5th ed. (Handbook Publishers Inc., 
Sandusky, Ohio.) 

Leeper, G. W., 1944. Manganese-iron antagonism in plants. Jour. Aust. Inst. 
Agric. Sci., 10: 186. 

Liebig, G. F., Vanselow, A. P., and Chapman, H, D., 1942, Effects of alumina 
and copper toxicity as revealed by solution-culture and spectrographic 
studies of citrus. Soil Sci., 53: 341-357. 

Ligon, W. S., and Pierre, W. H., 1932. Soluble aluminium studies. II. Mini¬ 
mum concentrations of aluminium found to be toxic to corn, sorghum and 
barley in culture solutions. Soil Sci., 34: 307-317. 

Magistad, O. C., 1925. The aluminium content of the soil solution and its relation 
to soil reaction and plant growth. Soil Sci., 20: 181-225. 

McLean, F. T., and Gilbert, B. E., 1927. The relative aluminium tolerance of 
crop plants. Soil Sci., 24: 163-175. 

-, -, 1928. Aluminium toxicity. Plant Physiol ., 3: 293-302. 

McMurtrey, J. E., 1938. Symptoms on field-grown tobacco characteristic of the 
deficient supply of each of several essential chemical elements. U.S.D.A. 
Tech. Bull. No. 612, p. 7. 

Millikan, C. R., 1942. Symptoms of zinc deficiency in wheat and flax. Jour. 
Aust. Inst. Agric. Sci., 8: 33-35. 

-, 1943. Symptoms of copper deficiency in flax. Proc. Roy. Soc. Vic., 

56: 113-116. 

-■, 1944. ‘Withertop’ (calcium deficiency) disease in flax. Jour. Dept. 

Agric., Vic., xlii: 79-91. 

-, 1945. Iron deficiency chlorosis of flax. Jour. Dept. Agric., Vic., xliii : 

133-134. 

-, 1946. Zinc deficiency in flax. Jour. Dept. Agric., Vic., xliv : 69-73, 

88 . 

-, 1947(a). Effect of phosphates on the development of zinc deficiency 

symptoms in flax. Jour. Dept. Agric., Vic., xlv : 273-278. 

-, 1947(b). Zinc toxicity in flax grown in a wire netting bird cage. Jour. 

Aust. Inst. Agric . Sci., 13: 64-67. 

-, 1947(c). Effect of molybdenum on the severity of toxicity symptoms in 

flax induced by an excess of either manganese, zinc, copper, nickel or cobalt 
in the nutrient solution. Jour. Aust. Inst. Agric. Sci., 13: 180-186. 

Olsen, C., 1934. Biocbem. Ztschr., 269: 329-348. Abs. in N.A., 4, 96. 

-, 1935. C.R. Lab., Carlsberg, Ser. Chem., 21: 15-52. Abstract in Chem. 

Abstr., 29: 7398. 

-, 1936. C.R. Lab., Carlsberg, Ser. Chem., 21: 129—145. Abstr. in Exp. 

St. Rep., 77: 757. 1937. 

Pearse, H. L., 1944. Iron and manganese in plant nutrition. Farming in South 
Africa, 19: 688-694. 

Peterburgskii, A. V., 1945. Dokl. None. Konj. Timiyaser Seljs. Akad., 6-13, 
Dec. 1944, No. 2: 116-119. Abstract in Herb. Abstr., 16: 1247. 1946. 

Pierre, W. H., and Stuart, A. D., 1933. Soluble aluminium studies. IV. The 
effects of phosphorus in reducing the detrimental effects of soil acidity on 
plant growth. Soil Sci., 36: 211-227. 

Piper, C. S., 1942. Investigations on copper deficiency in plants. Jour. Agric. 
Sci., xxxii: 144-178. 

Reeve, E., and Siiive, J. W., 1944. Potassium-boron and calcium-boron relation¬ 
ships in plant nutrition. Soil Sci., 57: 1-14. 

Ruprecht, R. W., 1915. Toxic effect of iron and aluminium salts on clover 
seedlings. Mass. Sta. Bull., 161 : 125-129. 

Scttappele, N. A., 1946. The effect of pH and of certain minor elements on the 
growth of pineapples in water cultures. Jour. Agric., Puerto Rico, xxvi: 
63-72. 

Scholz, W., 1937. Bodenkunde u. Pflanzernah., 2: 230-245. Abstract in Chem. 
Abstr., 31: 4038. 

D 













42 C. R. Millikan. 

Sergeev, L. I., and Sergeev, K. A., 1929. Effects of ions of aluminium and 
phosphoric acid on biological properties of plant protoplasm. Compt. Rend 
Acad. Sci. (U.S.S.R.), 22: 626-629. 

Snell, F. D., and Snell, C. T., 1941. Colorimetric Methods of Analysis , 3rd ed. 
(D. van Nostrand Company Inc., New York.) 

Somers, I. I., and Shive, J. W., 1942. The iron-manganese relation in plant 
metabolism. Plant Physiol ., 17: 582-602. 

Stoklasa, J., 1919. Internail Rev. Sci . and Pract. Agr., 10: 1095-1097. 

Swanback, T. R., 1939. Studies on antagonistic phenomena and cation absorption 
in tobacco in the presence and absence of manganese and boron. Plant 
Physiol., 14: 423-446. 

Thorne, D. W., and Wallace, A., 1944. Some factors affecting chlorosis of high 
lime soils. J. Ferrous and ferric iron. Soil Sci., 57: 299. 

T wyman, E. S., 1946. The iron-manganese balance and its effect on the growth 
and development of plants. New Phytol, 45: 18-24. 

Wallace, T., and Hewitt, E. J., 1946. Studies in iron deficiency of crops. I. 
Problems of iron deficiency and the inter relationship of mineral elements in 
iron nutrition. Jour. Pomol. and Hort. Sci., xxn: 153-161. 

Warrington, K.. 1937. Observations on the effect of molybdenum on plants, with 
special reference to the solanaceae. Ann. Appl. Biol., 24: 475-493. 

-■* 1946. Molybdenum as a factor in the nutrition of lettuce. Ann. Appl. 

Biol., 33: 249-254. 

Wright, K. E., 1937. Effects of phosphorus and lime in reducing aluminium 
toxicity in acid soils. Plant Physiol., 12: 173-181. 

-, 1943. Internal precipitation of phosphorus in relation to aluminium 

toxicity. Plant Physiol., 18: 708-712. 

-, 1945. Aluminium toxicity: Microchemical tests for inorganically and 

organically bound phosphorus. Plant. Physiol, 20: 310-312. 

\oshii, Y., and Jimbo, T., 1932. Mikrochemischer Nachweis von aluminium und 
sein Vorkommen im Pflanzenreiche. Sci. Kept. Tohokn Imp. Univ. (Ser. 
4), 7: 65-77. Abstract in Biol. Abstr., 7: 15491. 

Description of Plates 

Plate II 

Fig. 1.—Resultsof microchemical tests for the presence of aluminium in the roots of flax plants 
grown in solutions containing excess aluminium, (a) using aurine tricarboxylic acid, 
(b) and (c) using liaematoxylon. The presence of aluminium in the cortical and 
meristematic tissues is indicated. 

Fig. 2.—Showing the marked effect of aluminium in delaying the appearance of toxicity 
symptoms normally resulting from the presence of excess zinc in the nutrient solution. 

Fig. 3.—Showing the iron deficiency chlorosis and necrosis in flax resulting from excess of 
zinc, manganese and copper in the nutrient solution. Left to right: Normal solution- 
zinc, 10 p.p.m.; manganese, 10 p.p.m.; copper, 2 p.p.m. 

Fig. 4.—Changes in reaction to excess zinc in the nutrient solution caused by changes in the 
amount of phosphorus and iron present. Left to right: (i) Normal solution, (ii) Nu¬ 
trient solution containing excess zinc,_ 20 p.p.m.: iron deficiency chlorosis, (iii) Same 
excess of zinc and phosphorus deficiency: no iron deficiency chlorosis. (iv) Same 
excess of zinc and iron excess: iron deficiency chlorosis completely prevented; hyper- 
chlorophylly. (v) Same excess of zinc and* excess phosphorus: more severe ’ iron 
deficiency chlorosis. 

Plate III 

Fig. 1.—Effects of excesses of manganese, zinc and copper on root development of flax grown 
in water cultures. Left to right: Normal solution; excess manganese, 50 p.p.m.; 
excess zinc, 50 p.p.m.; excess copper, 2 p.p.m. The plants subjected to excess all 
showed iron deficiency chlorosis. 

Fig. 2.—Lower leaf necrosis caused by excess zinc. The non-necrotic portions of the leaves 
are slightly chlorotic. 

Fig. 3.—Cobalt toxicity symptoms. The main veins of the leaves remain green while the rest 
of the leaf shows iron deficiency chlorosis. Necrosis of the lower leaves usually 
commences at the bases of the leaves. 

Plate IV 

Fig. 1.— (a) and (b)—Necrotic symptoms in the lower leaves of flax seedlings caused by excess 
manganese (100 p.p.m.). The necrosis commenced at or near the tips and gradually 
extended, while the non-necrotic portions of the leaves remained a normal green colour. 

Fig. 2.—Leaf ‘spotting’ symptoms produced in flax grown in a nutrient solution containing 
excess manganese. 
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THE SHORE PLATFORMS OF LORNE, VICTORIA 

By J. T. Jutson, D.Sc., LL.B. 

[Read 10 June 1948] 

Abstract 

The rocks composing the almost horizontal platforms described are Jurassic 
sediments (arkoses, shales and mudstones) with varying angles of dip and strongly 
jointed. The platform chiefly dealt with, which the writer terms the ‘normal 
platform’, truncates these rocks and forms a narrow bench exposed at low tide. 
It consists of an upper smooth-surfaced portion (referred to in the text as the 
‘high-level platform’) and a lower portion (similarly referred to as the ‘low-level 
platform’). This low-level platform is divided parallel to the coast into the 
abrasion ramp, the depression and the rampart, Rock fans have been formed at 
the foot of the cliffs in association with the abrasion ramp and miniature bays. 
Both platforms are at present being extended landward and being destroyed at 
their seaward margins by marine erosion. The suggestion is made that the lower 
platform was originally formed similarly to the upper one, but that it has since 
been transformed into its present three-divisional irregular surface. There is no 
evidence known to the writer that both platforms have not been formed with 
sea-level as at present. Above the platforms are certain shelves and terraces 
which are being extended by marine erosion at their present levels. Some aspects 
of the sloping platform, which the writer terms the ‘ultimate platform’, and which 
extends seaward from the outer margin of the horizontal platforms above referred 
to, are also described. 
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Introduction 

Until very recently practically all geological textbooks showed, as a 
result of wave action, a cliff with a platform sloping indefinitely seaward 
from the base of the cliff. No mention was made of an upper, narrow, 
practically horizontal platform which occurs on many coasts, and which, 
at its seaward edge, passes by a sharp or gradual step to the lower 
sloping platform. The origin of the upper platform has been discussed 
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by various authors, such as Douglas Johnson (1931, 1938), J. A. 
Bartrum (1926, 1935), A. B. Edwards (1941, 1942), and the writer 
(1931, 1939, 1940 and 1948). (The upper and lower platforms are 
in this paper referred to as the ‘normal’ and 'ultimate’ platforms 
respectively.) 

As Douglas Johnson (1931) has shown, the interest in the upper 
platform first centred on the question whether certain types were 
evidence of recent emergence, and that question has, for many platforms, 
been answered in the negative. 



Fig. 1.—Outline map of the Lome coast and inland country. 


The chief features of interest now are the various heights in relation 
to mean sea-level at which the normal platforms are cut; the form and 
origin of their component parts; their subsequent modifications; and the 
process of their destruction, wholly or in part. In the case of Lome, 
there are two platforms which come within the category of the writer’s 
'normal’ platforms, and yet these platforms have strikingly different 
characteristics. These features form the subject matter of this matter. 

The writer is not aware of any previous description of the platforms. 
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General Description of the Coast 

Lome is situated on Bass Strait in the Great Southern Ocean between 
Port Phillip Bay and Cape Otway, Victoria, Australia. The general 
trend of the coast is approximately north-north-east and south-south¬ 
west, and the portion dealt with in this paper extends from the 
Cumberland River to the Big Hill Creek, a distance of between eight 
and nine miles. 

Loutit Bay divides the coast-line into two portions running in the 
same general direction but nearly a mile apart (Fig. 1). Both portions 
are very free from pronounced indentations, and yet are not crenulated. 

The coast-line is backed by cliffs which, in some instances, attain a 
height of over 300 feet, although in places they are not more than 50 feet 
high, in which case they connect with the high steep country behind by 
long gentle slopes. The greater portion of the face of the cliffs is covered 
by a sheet of creeping detritus, carrying abundant vegetation, and with 
slopes usually between 30° and 40° from the horizontal. Below these 
portions the cliffs are bare, rocky, and practically vertical, reaching to 



FrG. 2.— Section showing - an unusual nip for a height of about three feet in the 
cliff (C), which is covered with vegetation above the nip. NP—Normal 
platform. South of Big Hill Creek. 

a height of about 40 feet above sea-level, of which the best illustration 
occurs at the Big Hill. Overhanging cliffs are scarce, but an example 
occurs a little south of the mouth of the Big Hill Creek. A few cliffs 
have faint nips at their base (Fig. 2). There is no prominent headland 
except at the Big Hill. 

The country which borders the coast-line is a plateau which rises to a 
height of over 600 feet above sea-level, and which has been dissected 
into deep V-shaped valleys such as those of the Big Hill, Stony and 
Reedy Creeks, and Sheoak, Cumberland, Erskine and St. George’s 
Rivers, all of which have falls and rapids. Hence the topography is 
immature and there are no valleys with wide mouths; and hence also, 
if drowning of the valleys had taken place to a limited extent only, 
there would be no wide estuaries stretching far into the land, and such 
is the case. 

Progradation has taken place, particularly in three areas: (1) 
immediately to the south-west of Point Grey, where a series of miniature 
bays has been partially filled by a deposit of beach sands capped by dune 
sands; (2) immediately to the north-east of the Erskine River, where 
similar phenomena occur, without, however, the prevalence of miniature 
bays; and (3) the extensive deposits which occur to the south and 
south-east of the mouth of the Erskine River, and which form the head 
of Loutit Bay. Those deposits may in part have been built up by 
detritus brought to the sea by the Erskine River, and in part by the sea 





46 


J. T. Jutson: 


bringing material from elsewhere on the coast. The old coastal cliffs, 
now much worn down, are traceable behind the prograded material of 
Loutit Bay. 

Heavy shingle is not abundant along the coast except for short 
distances on either side of the mouths of rivers. 

The shore platforms, the: subject matter of this paper, stretch along 
the coast almost continuously, except in front of the broad, long, sandy 
beach to the south and south-east of the Erskine River mouth, which, 
for convenience, is subsequently referred to as the ‘Erskine Beach’ (Fig. 

3 ). . .' 

The range of the spring tides at Lome is 5 ft. 6 in. This information 
has kindly been supplied by the Ports and Harbours Branch of the 
Public Works Department of Victoria. No records are available as to 
the range of the neap tides. 

The writer has not seen any direct evidence of either recent sub¬ 
mergence or emergence in the area considered in this paper. 

The Rocks of the Coast 

The lithological and structural characters of the rocks of the coast 
and of the shore platforms must be considered. 

The rocks along the whole of the coast-line dealt with are felspathic 
sandstones, mudstones and shales, with the sandstones greatly pre¬ 
dominating, all of Jurassic age. The term ‘sandstones' is used through¬ 
out this paper, although Edwards and Baker (1943) have shown that 
most of the rocks which had previously been called sandstones are really 
arkoses; but it is convenient for the purpose of the paper, which only 
incidentally touches on the geology of the district, to retain the older 
term. To save repetition the mudstones and shales are subsequently 
collectively referred to as ‘shales’. 

The sandstone beds vary in thickness from a few inches to four feet 
or more. Many are massive and tough and so resist erosion fairly well. 
The shales, on the other hand, are very rubbly. Numerous calcareous 
and ferruginous concretions, varying in form from more or less 
spherical to irregular elongated masses, and ranging in size from one 
or two inches to four feet or more, occur in the sandstones and, owing 
to their greater hardness, project above the enclosing rocks. Some of 
these concretions resemble cannon balls, and hence that name has been 
popularly applied to them (PI. V, fig. 1). 

The rocks dip from 2° or 3° to 45°, and their strike varies consider¬ 
ably, both actually and, according to the changes in direction of the 
coast-line, relatively to that feature. 

Two sets of vertical or nearly vertical joints, mostly close to right 
angles with each other, and both closely and widely spaced, are well 
developed. The result is that a flat surface is divided into a number of 
rectilinear areas of various size. 

For further details of the lithology and geological structure, in 
addition to the paper by Edwards and Baker already cited, reference 
may be made to the writings of Wilkinson (1865), Krause (1874) and 
Murray (1887). 
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Strength and Direction of the Waves 

Since the coast faces Bass Strait in the Great Southern Ocean, the 
waves which break on the shore have a considerable fetch. 

The angle at which the waves strike the shore, combined with the 
lithological nature and geological structure of the rocks constituting the 
coast, has an important bearing on the formation and modification of 
the platforms, and so some details of wave direction are given. 

Whilst the waves are mostly normal to that portion of the coast on 
which they break, a pronounced exception occurs at the platform (which 
may be referred to as the ‘Point Grey-Erskine Platform') between 
Point Grey and the southern end of the Erskine Beach, the direction 
of that platform being west-north-west. When the waves come from 



Fig. 3 _.The arrows show that, when the wind is from the south, south-east or 
south-west, the waves are normal to the coast-line south-west of Point Grey, 
but at the latter point they turn into Loutit Bay and strike the Point Grey- 
Erskine Platform at an acute angle to the coast-line, gradually becoming more 
westerly towards the Erskine Beach of Loutit Bay, until they become normal 
to the beach and continue so to the north-east of the Erskine River mouth. 
Fig. 4.— As shown by the arrows, when the wind is from the north the waves 
strike the Point Grey-Erskine Platform at an acute angle, and then swing 
around Point Grey and turn until they become normal to the coast-line south¬ 
west of Point Grey. They also swing to the normal at the Erskine Beach. 

a southerly direction, as they usually do, they turn at Point Grey and, 
acquiring a south-westerly direction, strike the platform at an acute 
angle (Fig, 3). When also, as on comparatively rare occasions, they 
come from the north, they strike the same platform at an acute angle 
also. Some of these waves, however, swing around Point Grey and, 
turning rapidly, hit the coast-line south-west of that point close to the 
normal (Fig. 4). 

At Point Grey there is a wide isolated platform (which is subsequently 
referred to in this paper as the ‘Point Grey Platform’). On the ocean 
side of that platform the waves are usually normal. They, however, 
curl around the platform and pass down and parallel to the opposite 
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(Loutit Bay) side, but at right angles (or nearly so) to the direction 
of the waves on the ocean side. 

The Platforms 

(1) Terminology 

The main platforms described in this paper are referred to as the 
‘normal 5 and ‘ultimate' platforms, following the terminology of the 
writer in his papers on the platforms of Sydney (1939), Mt. Martha 
(1940) and Flinders (1948). 

A. B. Edwards (1941) has criticised that terminology, pointing out 
that Fenneman (1902) had applied the word 'normal' to the platform 
which corresponds to the writer's ‘ultimate’ platform. Fenneman's term, 
however, is the ‘normal profile of equilibrium,' which covers more than 
the erosion-formed platform. The writer does not now intend to enter 
into a discussion of the matter. He considers that both platforms are 
the normal result of marine erosion, and hence both might be termed 
‘normal’. Until more appropriate names are found the writer proposes 
to keep to those already used by him; and so long as the platforms 
described are clearly identified, the want of suitable terms is not of 
serious consequence. 


(2) Tiie Normal Platforms 
( a) General Characteristics 

Along the coast-line referred to in this paper the platforms (extending 
seaward from the foot of the cliff and terminating by a drop to the 
ultimate platform) are practically horizontal. They are fairly continuous 
(even passing across the mouths of the streams of the district) with 
the exception of an extensive break at the prograded area of Loutit Bay. 
As the mouths of the streams and the miniature bays referred to below 
are approached, the platforms have a slight fall parallel to the coast-line 
(Fig. 5). Thus the bottoms ofi the river-mouths and of the miniature 
bays form local base-levels of erosion to which the platforms by 
atmospheric and marine erosion, acting parallel to the coast-line, tend 
to be reduced. 


Stream Bed 



Fig. 5.—Section parallel to the coast-line across the mouth of a stream cutting 
across^the normal platform. It shows the fall of the platform on each side of 
the stream bed. Stony, Reedy and Big Hill Creeks. 


The platforms have an average width of about 2 chains with the 
exception of the Point Grey one, which has the abnormal width of 
about 13 chains. They are exposed at low tide; and in calm weather 
they are (so far as the writer's limited observations go) mostly not 
completely covered, unless there is a high spring tide. When great 
waves, raised by the wind, occur the platforms and some of the ledges 
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above them are covered, since those features show indubitable evidence 
(notching, absence of atmospheric detritus, and occurrence of marine 
organisms), of the action of the sea at its present level. 

The platforms are probably above mean high-tide level, but sufficient 
observations have not been made to determine that point. Probably also, 
even the platforms subsequently referred to as low-level ones are at 
slightly different levels. 

The cliffs abutting the platforms carry talus and vegetation from a 
height of six or seven feet above the platforms. To that height the cliffs 
are bare, although of sufficient slope to carry vegetation and talus, which 
by their absence indicate that the sea acts to a height of at least six or 
seven feet above the platforms. (The cliffs just referred to must not 
be confused with the vertical cliffs that rise up to 40 feet above the 
normal platforms (Fig. 6).) 



Fig. 6 . —Section showing the general type of cliff, covered with vegetation in the 
upper sloping part, and with bare rock exposed in the lower vertical portion, 
which varies in height from 4 to about 40 feet. C—Cliff. NP—Normal 
platform. 

The dip of the rocks, although very low in places, is yet practically 
always high enough to permit truncation of the strata; and so the 
harder beds tend to project above the general surface of the platforms 
(PL V, fig. 2). 

Minor platforms a few yards square are found sunk in the platforms. 
The normal platforms may be divided into a low-level and a high-level 
one. 

(b) The Low-level Platform 

The most characteristic portions of this platform extend from the 
Erskine Fiver to Stony Creek, and from the southern end of the Erskine 
Beach to the Cumberland River. The platform has five main features: 
(i) the rampart, (ii) the depression, (in) the abrasion ramp, (iv) 
miniature bays, (v) rock fans. 

The rampart, the depression and the abrasion ramp are divisions of 
the platform parallel to the coast-line and to one another. They extend, 
in the order mentioned, from the ultimate platform to the cliffs. 

(i) The Rampart (PI. V, fig. 3) is from one to four feet, on the 
average, above the depression, from which, as a rule, it rises steeply 
(Figs. 9 and 11). The surface is usually irregular, owing to the 
tendency of the waves (by a process which may be termed ‘quarrying’) 
to cut channels or miniature bays through the rock mass (PI. VI, fig. 1), 
which also brings about a discontinuity in the rampart (Fig. 7). Pitting, 
by spray action, also occurs on the surface, which is further reduced by 
the sea forming grooves along the bedding and joint planes. 
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The inner (landward) side of the rampart is frequently undermined 
owing to the action of the sea in traversing the depression (PI. V, fig, 3). 
The outward (seaward) side drops to the ultimate platform, either 
steeply or with a gradual slope (Figs. 8-11). 

Level platforms of a few square yards occur in the rampart above the 
general level of the depression. 



Fig. 7 . —Plan of portion of the Point Grey-Erskihe Platform (a low-level normal 
platform), showing the low cliffs, the abrasion ramp (absent in some parts), 
the depression, the rampart (absent in some parts), and the formation of a 
channel along the strike of the rocks. S—Direction of the strike of the rocks. 
CH-—Channel cut by the waves along the strike of the rocks. AB, Ci Di, EF 
and GH—Sections along the strike of the rocks. The arrow indicates the 
direction of the dip of the rocks. 


B Ci Di 



Fig. 8.—Section AB of Fig. 7 along the strike of the rocks. C—Low cliff. AR— 
Abrasion ramp. D—Depression. (The outer rampart is missing, so that the 
abrasion ramp and the depression form the normal platform.) UP—Ultimate 
platform. 

Fig. 9.—Section Ci Di of Fig. 7 along the strike of the rocks. C—Low cliff. 
AR—Abrasion ramp. D—Depression. R—Rampart. (The abrasion ramp, 
depression and rampart form the normal platform). UP—Ultimate platform. 



Fig. 10.—Section EF of Fig. 7 along the strike of the rocks. C—Low cliff. AR— 
Abrasion ramp. D—Depression. (The rampart is missing, so that the 

abrasion ramp and the depression form the normal platform.) CH—'Bed of 
the channel cut in the normal platform. UP—Ultimate platform. 

Fig. 11.—Section GH of Fig. 7 along the line of strike of the rocks. The abrasion 
ramp is missing. C—Low cliff. D—Depression. R—Rampart. UP— 

Ultimate platform. 
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(ii) The Depression (Figs. 8-11). This middle area is almost hori¬ 
zontal (PI. V, fig. 3). Its surface is divided into rectilinear spaces of 
various size by strong vertical or nearly vertical joints and these areas 
are, in places, further broken by minor irregular joints (Fig. 12). In 
some instances, on each side of a joint for an inch or two, the rock has 
been hardened by the introduction of oxide of iron, resulting, by the 
more rapid erosion of the unaltered portions than of the altered, in the 
formation of shallow saucer-like hollows (the diameters of which may 
reach eight to ten feet) in which sea or rain water may lodge, forming 
pools usually about one inch deep but which may reach six inches (PI. 
V, fig. 3). These hollows carry, in places and at different times, films 
of sand, small pebbles and some marine shells. Occasionally, however, 
a heavy temporary deposit of sand almost obscures all these features. 

The surface of the depression is broken in places by narrow channels 
excavated mainly along the joints (Fig. 10) and by small residuals a 
few square feet in area and two to three feet in height. 

The features described are almost wholly restricted to the sandstones. 

The depression is being extended by the waves, after they break over 
or through the rampart, or pass into the miniature bays and spread out 
as lateral waves, eroding parallel to the shore. Where two miniature 
bays are close to each other, the lateral waves from one bay will meet 
and cross those from the other bay. They lose much of their original 
strength, and yet they seem to have sufficient power, aided by sand and 
small pebbles, to plane the surface evenly down, or to act as one of the 
factors in the reduction of that surface. They undermine the rocks on 
the seaward side of the depression, and so widen the latter and reduce 
the width of the rampart (PI. VI, fig. 2). This is clearly illustrated 
where the dip of the rocks is seaward (PI. V, fig. 3). 

The direct planing action of the waves is assisted by the pitting of 
the rocks by the spray of the waves; by the grooving by the sea along 
joint and stratification planes; and doubtless by the wetting and drying 
(or part drying) of the surface when exposed at low tide, aided perhaps 
by the crystallization of the salt left by the evaporation of sea water in 
pits and other hollows. 

Wentworth’s water-levelling process (1938) may have helped to 
decrease the depth of the saucer-shaped hollows. 

The formation or deepening of the depression is hastened where its 
component rocks are less resistant to erosion than those of the outer 
area, but nevertheless the depression forms where the rocks strike at 
more or less of a right angle to the shore line, as at a point 200 or 300 
yards south-west of Point Grey, where a massive band of sandstone 
runs at a sharp angle from the shore. The outer part projects as a 
rampart, but behind the latter the band has been reduced to the general 
level of the depression, which is two to three feet below the general level 
of the rampart. On one side of the band a deep narrow channel, parallel 
to the strike of the rocks, has been cut in shales, and it is apparently 
from that channel that erosion of the hard band across its middle portion 
has taken place, so as to make that portion part of the depression. 

In the Point Grey-Erskine Platform the rocks strike at an acute angle 
to the shore, and behind the rampart the depression is practically con- 
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tinuous, showing that along the same rock bands there has been greater 
erosion along the line of the depression than along the rampart, despite 
the fact that the latter receives the full frontal attack of the sea (PI. VI, 
fig. 2). In this connection, Johnson (1938) has observed, in places 
visited by him, the erosive action of sheets of wave-derived water 
sweeping laterally along the beach. 

(iii) The Abrasion Ramp, where not broken into rock fans, slopes 
evenly downward from the foot of the cliff at an angle of from 3° to 8° 
from the horizontal, and, as a rule, merges gradually into the depression 
(Figs. 7-10). The ramp’s width varies from a few feet to about 40 feet, 
but just south-west of Point Grey the width is abnormal, about 70 feet. 
Like the depression, it has the appearance of having been steadily planed 
over its whole area by waves, giving a very smooth surface. There are 
few channels cut through it, but it has in places small residuals rising 
to three or four feet above its general level. The ramp, like the 
depression, has rectilinear vertical or nearly vertical joints, but it has 
not the pronounced saucer-shaped hollows of that feature, other than 
incipiently. Pits are scarce and very little water lodges on the ramp 
owing to its definite seaward fall. 

Like on the depression, sand and small pebbles occur sparingly on 
the ramp; and the minor agents of erosion of the depression also work 
in the same way in the reduction of its surface. 

Owing to the formation of rock fans, the seaward edge of the abrasion 
ramp is usually a sinuous line, and the ramp tends to be narrower at 
the heads of the miniature bays, owing to the greater erosion there; but 
this is offset, in places, by the more rapid retreat of the cliffs at the 
bay heads than those at the inter-bay areas. 

Since the abrasion ramp grows landward coincidently with the retreat 
of the cliffs, and is contemporaneously destroyed on its seaward side, 
its indefinite widening is restricted. 

(iv) Miniature bays , which are from two to ten feet deep, according 
to the distance from the coast-line, and which are probably on the 
average about one to two chains wide and long, are developed in the 
platform by the cutting by the waves through the rampart and the 
depression (PI. VI, fig. 1). The result is that the abrasion ramp persists 
(although reduced to some extent), but parts of the depression and the 
rampart are removed and their places arc taken by an extension land¬ 
ward of the ultimate platform, with its steady slope seaward from the 
coast-line, in marked contrast with the intervening portions of the 
normal low-level platform. Thus, although the abrasion ramp is usually 
a continuous feature, with a sinuous seaward line, it may belong to either 
the normal or the ultimate platform. 

Where the strike of the rocks is at a substantial angle to the coast-line, 
the bays develop in the softer bands along the strike, and thus tend to 
be rectilinear in outline, as is well seen in the Point Grey-Erskine 
Platform. 

The bottoms of the bays are exposed only at low tide, and in many 
places are very rough and irregular, due to the quarrying (vertical) 
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action of the waves as contrasted with the planing (lateral) action of 
the waves on the depression and the abrasion ramp. 

Sand beaches, usually narrow and with comparatively little sand, are 
found at the heads of some of the bays. 

(v) Rock Fans. The best examples of the feature which the writer 
has termed a 'rock fan’ occur between Point Grey and the mouth of the 
St. George's River; to the south-west of the mouth of Stony Creek; 
and to the south-west of the mouth of Big Plill Creek. 

A rock fan is part of the abrasion ramp and lies between two of the 
miniature bays. It is usually a smooth-surfaced rock-mass, the base of 
which is coincident with the foot of the cliff; and from the middle of 
that base, the surface slopes downward in all directions possible from 
the foot of the cliff. The surface appears to be convex upwards. 

The areas of rock fans vary considerably. Most are about the same 
length in their longitudinal and transverse sections. In actual size, they 
vary from less than one to over three chains in both sections, but the 
majority would probably be about one chain. One large fan south-west 
of the Big Hill Creek mouth is about four chains in length longitudinally. 

The fans are, in places, fairly evenly spaced, in others unequally. In 
four examples occurring to the south-west of the mouth of Stony Creek 
the distance between crest and crest is from three to four chains. The 
height between the lowest and highest portions of a fan on the average 
is not more than 12 to IS inches. 

Small low residuals occur on some of the fans. 

A fan may be wholly or partly destroyed by a miniature bay being 
so deeply cut into the shore-line that the steady connecting slope is lost. 

The fans doubtless have been formed contemporaneously with the 
abrasion ramp. They appear to be due primarily to the formation of 
the miniature bays which penetrate the rampart, the depression, and, to 
a certain extent, the abrasion ramp. The bay areas receive the full force 
of the waves, often in a concentrated form, so that those areas deepen 
rapidly contrasted with the inter-bay areas, which receive the waves 
broken at the rampart, and also the diverted lateral waves from the 
bays; and since an inter-bay portion of the abrasion ramp is attacked 
from both sides and from the front by these minor waves, a rock fan 
is developed. The generally smooth surface of the fan indicates its 
formation by steady planation. 

(c) The High-level Platform 

This platform commences just north-east of the Stony Creek mouth, 
and thence runs disconnectedly north-easterly for some distance; but its 
most characteristic portion and that which is specifically referred to in 
this paper extends from the commencing point for about a quarter of a 
mile. It is from about two to four feet above the depression of the 
low-level platform and about two chains wide. 

Its special feature is a practically unbroken, mostly smooth surface, 
carrying but little detritus, and with ramparts, abrasion ramps, miniature 
bays and rock fans mostly absent (PI. VI, fig. 3; PI. VII, fig. 1). A 
low rampart, however, occasionally occurs (PI. VII, fig. 2). The 
abrasion ramp, where present, is, on the average, about 20 feet wide. 
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The high-level platform has saucer-shaped hollows in sandstone 
rectilinear areas, which may carry temporary shallow pools of water 
(PI. VI, fig. 3) similar to those occurring on the low-level platform. 
Pitting also occurs in the sandstones, but sparingly. 

The cliffs rising from the landward edge of the platform are being 
attacked by the sea (PI. VII, fig. 1), as shown by the contour of their 
lower portions, and by the occurrence of living mollusca and thrown-up 
kelp on the face of the cliff or its shelves. The landward edge of the 
platform is therefore retreating. Similarly the seaward edge, where it 
drops to the ultimate platform, is also retreating. 

(d) Causes of the Difference of Form in the Low-level 
and High-level Plafforms 

The differences between the two types of normal platform—the 
low-level’ and the ‘high-level’—as noted in the preceding portions of 
this paper, are marked and call for an explanation. 

In geological structure and lithological contents, the two platforms 
appear to be the same. It is possible that on very close examination 
some differences in both or either of these respects may be found, but 
it is questionable whether they would he great enough to cause the 
existing disparity in form between the two platforms. An examination 
of the forces of marine erosion at present at work on both platforms 
shows that whilst at their seaward edges both are being attacked by 
quarrying action, nevertheless in the case of the high-level platform the 
work by that method is not sufficiently advanced to have broken the 
platform into many miniature bays, with the result that general planation 
over its whole surface, aided by pitting and grooving, is the way by 
which the platform is being extended landward, and is no doubt being 
reduced vertically. An occasional miniature bay, however, occurs here 
and there in the platform; and, as a result, marine erosion is taking 
place—at present in a very limited way—behind the seaward portion 
of the platform parallel to the shore-line, thus indicating a tendency to 
produce the rampart, the depression and, to some extent, the abrasion 
ramp characteristic of the low-level platform (PI. VII, fig. 2). The 
formation of the incipient depression has been largely helped by the fact 
that in the most pronounced case (which occurs a short distance north¬ 
east of the mouth of Stony Creek), shales underlie massive sandstones 
at about a chain from the seaward edge of the platform. That fact has 
greatly facilitated the reduction of the platform along the strike of the 
shales, which at that point is approximately parallel to the coast-line 
(PI VII, fig. 3). Another example is found on the same portion of the 
platform (PI. VII, fig. 2). 

It is therefore suggested that the low-level platform was originally 
similar in height and characteristics to the high-level one; but that, 
owing to the more rapid action of the sea in forming miniature bays and 
channels in what is now the low-level platform, that platform received 
its three-fold division of abrasion ramp, depression and rampart. It is 
difficult, however, to understand why one portion (the present high- 
level) of the platform should remain almost intact, whilst the other 
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portion (the present low-level) has sustained pronounced changes. On 
the other hand, it is difficult to imagine how the low-level platform could 
be formed with its present features unless derived from an earlier, 
higher, smooth-surfaced one; and in support of that idea, a beginning 
has been made, as noticed above, in the conversion of the high-level to 
the low-level type. 

The question arises, does the high-level platform indicate recent 
emergence for a few feet vertically? That question cannot be answered 
definitely in the affirmative, because it is clear that, at its present level 
in regard to the sea, it is still in course of formation. It is, however, 



Fig. 12.—Generalized plan of an area on the normal platform bounded by major 
vertical joints (MA) and subdivided by numerous minor joints. 

Fig. 13.—Section showing the cliff (C), the abrasion ramp (AR) and its con¬ 
tinuance seaward as the ultimate platform, UP. The platform was originally 
a normal platform (NP), but it has been changed into the ultimate platform 
by removal by the sea of the hatched portion of the figure. Note that by this 
change the abrasion ramp becomes portion of the ultimate platform. 


quite possible that it was formed when the sea stood at a slightly higher 
level than it does now, and that the emergence has not been of sufficient 
magnitude to prevent the continuance of growth of the platform. If 
there has been emergence, then it would appear that the low-level 
platform also shared in that emergence, but probably when it was 
smooth and continuous with the high-level platform, and that, since the 
emergence, the low-level platform has been brought to its present three- 
divisioned state. 

Independent evidence for emergence should be obtained in the vicinity, 
but the writer is not aware of any conclusive facts on the point. In the 
river valleys so far as examined by him there is no evidence, in the shape 
of river terraces, of recent emergence, and the vegetated cliffs are not 
necessarily indicative of that emergence. The cliffs are hundreds of feet 
high, and the rocks composing them are, in the main, hard, so that the 
advance of the platforms by marine erosion has apparently been slow 
compared with the more rapid atmospheric wasting of the cliffs. Pro¬ 
gradation has been noted in various places, as already mentioned, but 
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none of the facts pertaining to that process supports the idea of recent 
emergence. 

If, as appears to be so, there is a gentle fall of the high-level platform 
to the north-east from its most characteristic portion just north-east of 
the Stony Creek mouth, that may indicate slight recent warping of the 
platform, which would probably facilitate its preservation at the highest 
part of the warp. That question, however, awaits further investigation. 


(3) The Ultimate Platform 

Since this platform is open to observation for a few yards only at the 
seaward edge of the normal platform, and even in the miniature bays, 
the information concerning it is scanty. It offers a marked contrast with 
the normal platform in that it has a definite slope seaward, whilst the 
normal platform is almost horizontal (Fig. 13). 

In its outer part the ultimate platform doubtless has sediments 
deposited on its surface and so becomes a platform partly of sedi¬ 
mentation and partly of erosion, thus agreeing with the 'normal profile 
of equilibrium’ of Fenneman (1902). 



Fig. 14. —Section showing the influence in some instances of the dip of the rocks 
seaward on the form of the connection between the normal and ultimate 
platforms. C—Cliff. NP—Normal platform. UP—Ultimate platform. The 
lines of the hatched area indicate the direction of dip. North of Stony Creek. 

Fig. 15.—Section showing the influence in some instances of the dip landward of 
the rocks with hard bands on the form of the connection between the normal 
and ultimate platforms. C—Cliff. NP—Normal platform. UP—Ultimate 
platform. The lines of the hatched area indicate the direction of dip. Between 
Point Grey and St. George’s River. 


The normal platform passes downward to the ultimate platform, either 
sharply or gradually, and the height of the drop from the former to the 
latter is usually from four to ten feet. Where the dip of the rocks is 
seaward or the reverse, at a moderate angle, it is reflected in the 
direction of the connecting slope (Figs. 14 and 15). 

The usually rough bottoms of the miniature bays described above are 
portions of the ultimate platform, so that in those instances that platform 
extends to the shore-line. 

In the writer’s paper (1940) on the Mt. Martha platforms the 
ultimate platform was divided into a primary platform and a secondary 
platform, according to whether it had originated with its present sea¬ 
ward slope, or to whether the normal platform was first formed and 
subsequently gave place to the ultimate platform by the ceaseless gnaw¬ 
ing away of the normal platform’s seaward face. At Lome the ultimate 
platform appears to be of secondary origin. 
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Shelves and Terraces Above the Normal Platforms 

These are scarce, but a few occur up to about 12 feet above the normal 
platforms, at which height they are being extended by the spray and by 
high waves. The best developed ones occur between the mouths of the 
St. George's and Sheoak Rivers, where they form the tops of small 
rectilinear masses of rock which mostly project from the cliffs for 15 to 
40 feet; are from 10 to 30 feet wide; rise about 10 feet above the normal 
platform; dip seaward at various angles up to 40° ; and are separated 
from one another by narrow gulches and channels, the sides of which 
are approximately parallel to one another, and are mostly composed of 
the strong vertical joint planes running more or less at right angles to 
the coast-line (Figs. 16 and 17). The component rocks are tough sand- 



p IG# 16— Section showing the formation of two narrow shelves (S), one five feet 
above the other and the lower one five feet above the normal platform (NP). 
C—Cliff. Both shelves have been formed by marine erosion. UP—Ultimate 
platform. About 300 yards south of the mouth of Sheoak River. 

Fig. 17.— Section parallel to the coast-line showing shelves (S) rising six to eight 
feet above the normal platform (NP) at the foot of the cliffs. The rectilinear 
character of these shelves is owing to the prevalence of vertical joints (J) 
running approximately at right angles to the cliff face. Between St. George s 
and Sheoak Rivers. 


stones which strongly resist erosion, with the result that only small 
portions of the normal platform are developed. Some minor benches 
have also been cut below the tops of and within the projecting masses. 

Another group of shelves (or perhaps, in this instance, terraces would 
be a better name for them) occurs at the great headland at the foot of 
Big Hill, which is the only really outstanding headland of that portion 
of the coast covered by this paper. The terraces consist of benches 
(probably two, but this is not certain, since the writer is speaking now 
from memory only) each of which is but a few square yards in area, 
rising one above the other by ‘cliffs’ two or three feet high, from either 
side of the headland, to a crowning bench, which is the most prominent 
point of the headland, and which is from 10 to 15 feet wide and 
projects from the cliff about 20 to 30 feet at a height of about 7 feet 
from the normal platform. The terraces have been created by the frontal 
and lateral attack of the waves. 

Above the shelves referred to, detritus, resulting entirely from atmos¬ 
pheric agents, accumulates, being unable wholly to be removed by the 
wind and the rain; whereas at and below the level of the shelves there 
is no detritus (except w r here there has been a recent rock fall), thus 
showing that the sea is eroding up to that height. 

E 
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Descriptions of Plates 

Plate V 

Fig. 1.—The low-level normal platform of sandstone with concretions of indurated sandstone 
which have resisted erosion more than the main mass. In the low cliffs are cavities 
which formerly contained similar concretions. These cavities are scoured by the sea 
to a height of five feet above the platform. North-east of the mouth of the St. George’s 
River. 

Fig. 2.---The low-level normal platform, with unreduced portions of hard strata projecting up to 
about three feet above the general surface and dipping seaward. About 200 yards 
south-west of the mouth of Sheoak River. 

Fig. 3.—The low-level normal platform, showing at its seaward portion a low rampart with 
the rocks of that feature dipping seaward at a low angle and being undermined from 
their landward side. There is little detritus on the platform. Looking south-easterly 
from about half a mile north-west of the Erskine River mouth. 

Plate VI 

Fig. 1.—The low-level normal platform which, owing to marine erosion, is now penetrated by 
numerous channels. About a Quarter of a mile north-east from the mouth of the 
Erskine River. 

Fig. 2.—The low-level normal platform, showing the smooth unbroken depression and the 
rampart (abutting the sea) which has been much broken by marine erosion along the 
strike of the rucks (at a high angle to the shoreline). The platform carries detritus at 
times, but at other times is almost swept free of it. Point Grey-Erskine Platform. 

Fig. 3.—The smooth surface of the high-level normal platform, showing its division into 
rectilinear areas bounded by vertical or nearly vertical joints. Note the slightly raised 
strips along the joints owing to the induration of the rocks (sandstones) by iron oxide, 
and the absence of detritus. North of the mouth of Stony Creek. 
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Plate VII 

Fig. 1.—The high-level normal platform, showing its very smooth surface practically free from 
detritus. The base of the cliff is being attacked by the sea. Just north of the mouth 
of Stony Creek. 

Fig. 2.—Looking north-eastward across the high-level normal platform, showing in the fore¬ 
ground and middle distance the smooth inner portion, broken only by some resistant 
bands of sandstone dipping seaward, and in the background a rampart rising two to 
three feet above the inner portion. The rocks of the rampart dip seaward. Between 
Stony and Reedy Creeks. 

Fig. 3.—The high-level normal platform, looking northward. The main portion (on the right) 
is composed of sandstones dipping slightly seaward. The narrow strip in the middle 
below the level of the sandstones is composed of shales which dip conformably below 
the sandstones. The upper portion of the shales has been removed by the sea working 
southward from a small bay at the north end of the platform, thus illustrating how a 
depression and a rampart can be formed. Some of the boulders at the foot of the 
cliff have been thrown from the cliff when the coastal road was made. North of the 
mouth of Stony Creek, 
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PALAEOZOOLOGY AND TAXONOMY OF SOME 
AUSTRALIAN HOMALONOTID TRILOBITES 

By Edmund D. Gill, BA.., B.D. 

[Read 8 July 1948] 

Summary 

Three new species are described (Trimerus Itiydalensis, T. kmglakensis, and 
T. zeehancnsis) and two re-described (T. harrisoni and T. vomer). The palaeoe- 
cology of these trilobites is discussed; also their palaeozoology, with special 
reference to eye migration and ‘ornament’. Finally, the classification of these 
forms is treated. 

Introduction 

Homalonotid trilobites have been reported in Australia only from the 
states of Victoria and Tasmania. McCoy (1876) described Hama- 
lonotus harrisoni from Moonee Ponds Creek, Melbourne, a locality of 
Upper Silurian (Melbournian) age. Chapman (1912) described Homa - 
lonotus vomer from beds at Wandong, Victoria, which are either Upper 
Silurian or Lower Devonian in age. Chapman (p. 299) indicates that 
his species falls ‘within the section Trimerus of Green; Reed (1918) 
referred both the above species to the subgenus Trimerus , which has 
since been accorded generic standing. ‘ Homalonotus sp.’ has been 
recorded in Tasmania but no specimens figured. In the present paper, 
three new species are described from Lilydale (Victoria), Kinglake 
(Victoria) and Zeehan (Tasmania) respectively, all of which are 
considered to be Lower Devonian in age. 

Palaeoecology 

Homalonotid trilobites are usually found in facies of inshore types, 
they occur, but comparatively rarely, in facies of offshore types. This 
can be illustrated from the Lower Devonian deposits of Europe, where 
Homalonotid trilobites are varied in species and great in numbers in the 
Rhenish or inshore facies (for instance, see Koch’s T883 monograph on 
them), while they are quite rare in the Bohemian or offshore facies 
(for instance, see Barrande’s volume on trilobites in his Systeme 
Silurien). The same principle can be illustrated from the Lower 
Devonian deposits of Victoria. Homalonotid trilobites are a charac¬ 
teristic feature of beds of Rhenish facies at Kinglake, but rare in beds 
of Bohemian facies at Lilydale. All the species treated in this paper 
come from beds of inshore facies, except Trimerus lilydalensis, sp. nov. 

From the rocks in which they occur, it is concluded that Homalonotid 
trilobites preferred a sea floor of fine sandy sediments. They were big 
enough and strong enough not to be troubled by the currents that went 
with that environment (inferred from the cross-bedding in the sand¬ 
stones in which they are found). The great reduction of trilobation and 
segmentation in these animals resulted in a very streamlined carapace. 
The comparatively smooth cephalon made a good ‘shovel’ for digging 
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in the sediments of the sea floor; sometimes this was specialized by 
being sharply pointed (as in T. kinglakensis ) or turned up in front (T. 
zeehanensis ). 

Palaeozoology 

1. Eye Migration. —It has been noted that in the four species herein 
described, of which complete cephala are known, a progressive migration 
of the eyes dorsally is observed if the species are placed in chronological 
order, i.e., in order of stratigraphical occurrence. The inward migration 
of the eyes meant that the free cheeks became wider. Eye migration is 
an important factor in a number of sections of the animal kingdom. 
It has been noted in other families of trilobites, e.g., the Phacopidae. 
Non-remote eyes are supposed to be one of the characteristics of the 
Homalonotidae, but Trimerns lilydalensis (the last in the series referred 
to) has eyes as remote as they can be. Measurements were made in each 
of the four species listed below, from the lateral margin of the cephalon, 
and parallel with its posterior margin, to the posterior inner edge of the 
eye. This measurement was chosen because the eyes vary in size from 
species to species, and because the width of the free cheek is an important 
morphological factor. Facial sutures arc important for ecdysis, and 
trilobite taxonomy is based on them. The measurements were made 
following the contours of the carapace, and not in plan. They were 
made from the holotype in each case, except T. vomer, where the para- 
type was used, as the holotype is somewhat crushed. The following- 
table sets out the data obtained: 



T. harrisoni 

T. vomer 

T. kinglakensis 

T. lilydalensis 

Cephalic margin to eye 

0-6 cm. 

0-65 

1-4 

1 

Width of cephalon 

3-7 cm. 

3-7 

7-3 

3-4 


= 16-2 

17 * 5 

19 2 

29-4 


100 

100 

100 

100 

Age of the species 

Up. Sil. 

(Mel¬ 

bournian) 

Up. Sil. or 
Lr. Dev. 

Lr. Dev. 
(Lower 
Yeringian*) 

Lr. Dev. 
(Upper 
Yeringian*) 


*For references to the division of the Yeringian Series, see Gill 1945, pp. 145- 
146, and 1947, p. 13. 


The measurements in T. harrisoni are as accurate as its poor preservation 
will allow. However, the contrast with T. lilydalensis is obvious. The 
eye migration (and so widening of the free cheeks) may have had the 
following biological advantages: 

(a) Better sight, as a result of higher placing of eyes. 

(b) Clearer sight, as a result of being further removed from the mud 
stirred up by the trilobite’s foraging on the sea floor. 

(c) Easier ecdysis. Apparently at moulting the trilobite shed first its 
cephalic armour, then crawled out of the remainder of its carapace. 
Possibly the wider free cheeks assisted the shedding of the head-shield, 
in that it would break into three pieces of nearer equal size. 
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Ihe first three species listed above approximate one another in the 
non-remote character of their eyes. It is the species from the off-shore 
environment which has the notably remote eyes, and this fact may well 
be significant. 

2. Exoskeletal ‘Ornament'.— The inadequacy of the term 'orna¬ 
ment’ for certain exoskeletal organs has been referred to in a discussion 
on the palaeozoologv of some Chonetid brachiopods (Gill, 1948a). The 
following sets out more precisely one’s objection to the term: 

(a) It has all the disadvantages of a word taken over from everyday 
speech, i.e., it lacks precision, is not definitive enough, has too many 
meanings, too wide a connotation. 

(b) The term gives an erroneous impression of something merely 
decorative. But these structures are organs, genetically maintained, and 
of real biological significance. They are structures with functions. 

(c) The term is scientifically inadequate, in that it collects into one 
category features of the exoskeleton which are homologous in neither 
structure nor function. For instance, some of these structures are on the 
external surface only, while others involve the whole thickness of the 
carapace or shell. Some are concerned with the relations of the animal to 
its environment (such as rugae on a brachiopod shell which help to hold 
it in place on the sea floor), while others are related to the internal 
economy of the animal (such as the thickenings on a eurypterid carapace 
which provide muscle attachments). The need is apparent for properly 
defined terms which will convey correct ideas of the structures and 
functions involved. Terms suggest themselves, but it is probably wiser 
in the present limited state of our knowledge of many of these structures 
to await the elucidation of their functions. It will be salutary if the 
unsatisfactory nature of the term ‘ornament’ is recognized, and thought 
directed to a more scientific comprehension and classification of the 
varying structures included in this omnibus term. 

All the trilobites described in this paper possessed nearly smooth 
carapaces. In T. karri soul, T. vomer, and T. lilydalensis the preserva¬ 
tion is not good enough to show any fine ornament that may have been 
present. In both T. kinglakensis and T. seeha-ncnsis the surfaces are 
covered with fine pittings. The steinkerns show that their inner surfaces 
were likewise pitted. It may be that fine punctae pierced the exoskeleton, 
and fulfilled an excretory function. 

In the case of T. seehanensis there were apparently spines on the 
thorax as well, judging by a fragment. This is reminiscent of the 
trilobite from New Zealand described by Allan (1935) as Homalonotus 
(Bur mas term) hut tom, which possesses an ornament of fine pittings 
and tubercles. I agree with Reed (1918) that ornament should not be 
used very much for purposes of generic classification. The presence 
of the tubercles on Allan’s species suggests its association with Bur- 
meisteria, but it cannot be so placed because the facial sutures cut the 
genal angles. It is probably better accommodated in Trimerus . As 
the Reefton fossil is not a Burmeisteria, another apparent link with 
the Austral province is broken. Allan also redescribed Homalonotus 
( Digonus ) expansus Hector. As only a pygidium is known, it cannot 
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be determined whether the form belongs to Digonus. On the' evidence 
available, it may equally well belong to T rimer ns. 

The presence in the steinkern of pits along the position of the thoracic 
axial furrows is a feature of three of the species herein described, viz., 
those in which the thorax is known. They occur on the posterior 
margins of the pleurae, and on the outer side of the axial furrow. On 
the dorsal surface of the dorsal carapace (as shown in the external 
mould), there are shallow indentations, and on the ventral surface there 
are prolongations represented by pits in the steinkern. As the dorsal 
indentations are shallow and the steinkern pits deep, the processes must 
have been solid, and so strong. Dr. Opik (who lias described similar 
structures in other trilobites—Opik 1937) kindly examined these speci¬ 
mens and suggested that they are processes (Stormer’s condyli) for the 
articulation of the pleura. With this I agree. It should be noted that 
these condyles are much deeper dorso-ventrally than is usually the case. 
Similar structures have been recorded in Homalonotus major (Whit¬ 
field, 1885). 


Systematic Descriptions 

Order PROPARIA Beecher 
Family Homalonotidae 
Genus Trimerus Green 

Trimerus harrisoni (McCoy) 

Text fig. 1 a. 

Homalonotus harrisoni McCoy, 1876, Decade III, pp. 19-20, PI. XXIII, 

figure 11. 

Type Material 

Holotype consisting of steinkern of an almost complete carapace in 
greyish micaceous (muscovite) sandstone. The locality is given as 
‘Royal Park, near Melbourne’ by McCoy, and in the National Museum 
register (Reg. No. 7503) a note is added that this is ‘Moonee Ponds 
Creek, near Flemington.’ The locality is a cliff on the east bank of the 
creek below Union Street and just north of Brunswick Road West. 

Description 
M casurcments 

Whole carapace, as preserved .. .. .. 6-3 cm. 

If complete, it would approach .. .. .. 7 cm. in length 

Length of cephalon .. .. .. .. 1*9 cm. 

Width of cephalon . 3 cm. approx. 

Length of thorax .. .. .. .. .. 3 cm. 

Width of thorax posteriorly .. .. .. 2-1 cm. 

Cephalon sub-triangular, with w r ell rounded anterior margin. The 
glabella is considerably damaged, but the wide flat pre-glabellar field is 
preserved. The median longitudinal profile is as in fig. 1 a. The axial 
furrows are but ill-defined. The facial sutures are indicated for little 
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of their course, those shown on McCoy’s figure being largely recon¬ 
structions. Where the left side of the cephalon is broken away at the 
margin, a deep furrow in the doublure about 1 mm. wide is revealed. 
There is a slight rim round the edge of the cephalon, or slight upturning. 

Thorax . Trilobation is almost absent, but rows of pits (impressions 
of condyles) show where the axial furrows would normally be. There 
is no change in the degree of arching of the pleura to mark the normal 
position of the furrows as in THmerus vomer. The pleura are gently 
arched until the margins, where the ends are deflected ventrally at 
approximately right angles. The pleura have fine furrows running cen¬ 
trally along their length; they contrast with the other species described 
herein (where the thorax is known), for in them the furrows divide 
the pleura unevenly. 

Pygidium. Trilobation is clearly shown in the pygidium, as figured 
by McCoy. 

Comment. This species is distinguished by the median furrows in 
the pleura, the almost complete absence of trilobation in the thorax, and 
the narrow free cheeks. 

Trimerus vomer (Chapman) 

Text fig. 1 b, c. 

Homalonotus vomer Chapman, 1912, pp. 298-299, PI. LXII, figs. 2-3, 

PI. LXIII, figs. 1-2. 

Type Material 

1. Holotype consisting of steinkern of a cephalon and part of a thorax 
in close proximity on one slab, assumed by Chapman to belong to the 
same individual or at least the same species. Preserved in bluish 
indurated fine-grained sandstone from ‘Wandong, Victoria’. The holo¬ 
type is the specimen figured by Chapman, PL LXII, figs. 2-3. Nat. Mus. 
Vic., Reg. No. 12301. Presented by Dr. J. T. Jutson. 

2. Para-type consisting of steinkern of a thorax and part of a pygidium 
together (Chapman’s PI. LXIII, fig. 2) in a matrix similar to that of 
the holotype, and from the same locality. Nat. Mus. Vic., Reg. No. 
12302. Presented by Geo. Sweet, Esq. 

3. Paratype] consisting of steinkern of a cephalon preserved in yel¬ 
lowish brown fine-grained sandstone from the same locality as the other 
specimens. This specimen is figured by Chapman, PL LXIII, fig. 1. 
Nat. Mus. Vic., Reg. No. 12303. Presented by F. P. Spry, Esq. 

Descriptions 

Holotype. The right side of the cephalon is broken away, and part of 
the left is hidden by matrix, but the following measurements can be 


made: 

Length of cephalon .. .. .. .. 3-3 cm. 

Width from eye to median line .. . • 15 cm. 

Length of glabella .. .. • • • • 1*7 cm. 

Width of glabella anteriorly. 1-25 cm. 

Width of glabella posteriorly .. .. . • 1 * 85 cm. 

Length of pre-glabellar field .. •. . • 11 cm. 






66 


E. D. Gill: 


The thoracic measurements are: 


Width of thorax 
Width of axis 
Width of pleura 

Width of anterior part of each pleuron (i.e., 
the part showing when they are together) .. 
Width of pleural furrow 
Width of posterior part of pleura 


About 4 cm. 
About 3-7 cm. 

4 to 4-5 mm. 

1 mm. approx. 
0-5 mm. approx. 
2-5 mm. approx. 


Cephalon sub-triangular, and slightly inflated as shown by the median 
longitudinal profile (fig. lc). Axial furrows weakly developed. Nuchal 
furrow a little more strongly developed. The nuchal segment is 2 5 mm. 
wide. However, this specimen is a little crushed, and so the profile of 
the paratype is also given (fig. 1b). The glabella is sub-quadrate, but 
tapering anteriorly more strongly than is usual in this genus. Three 
glabellar furrows are faintly impressed on each side of the glabella. 




F 


Fig. 1.—Longitudinal median profiles of cephala of trilobites described in 

this paper. 

A. Trimerus harrisoni (McCoy), holotype. Part of the profile is dotted because 

in that area the specimen is damaged. 

B. T rimerus vomer (Chapman), paratype. 

C. Trimerus vomer (Chapman), holoytpe. Somewhat flattened. 

D. Trimerus seehanensis> sp. nov., holoytpe. This specimen is sheared somewhat, 

and the posterior part of the profile probably does not represent what the 
cephalon was like originally. 

E. Trimerus kinglakcnsis , sp. nov., holotype. 

Both D and E are drawn from plasticine squeezes of external moulds. 

F. Trimeriis lilydatensis, sp. nov., holotype. 

Each is deflected a little so that the inner end is posterior to the axial 
furrow end; each glabellar furrow makes an angle of the order of 75° 
with the axial furrow. Eyes prominent. Very little of the course of 
the facial sutures is determinable, but it is noted that anterior to the 
eye the suture is not parallel with the axial furrow as in other species 
described in this paper. Part of the pre-glabellar field is broken away, 
revealing a doublure 4 mm. wide. 
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Thorax has trilobation almost absent, blit there is a marked change 
in the arching of the thorax and rows of faintly developed pits (impres¬ 
sions of articulating condyles) to indicate the place of the axial furrows. 
These show the axis to be about 3*7 cm. wide—very wide indeed. On 
the outer margins of the thorax, the pleura are strongly deflected 
ventrally. The pleura are furrowed as given in measurements. All these 
features of the thorax can be seen well in paratype No. 12302. 

j Pygidium. Paratype 12302 provides the only evidence of the nature 
of the pygidium. From the small part preserved, it can be seen that the 
trilobation is better marked in the pygidium than in the thorax. 

Paratype 12303 gives no additional information about the cephalon 
except its tumidity (fig. 1b), and the placing of the eyes. In plan, the 
cephalon is 2 7 cm. wide and 2'2 cm. long, and the eyes are situated 
approximately half a centimetre from the lateral margin of the cephalon. 

Comment. Another specimen in the Museum collection from the 
same locality, and also collected by Mr. Geo. Sweet, shows that the 
genal angles were broadly rounded. 

Trimerus vomer is distinguished by the tapered glabella, the presence 
of glabella furrows (as in T. vanuxenii ), facial suture anterior to the 
eye not being parallel with the axial furrow. 

Trimerus kinglakensis, sp. nor. 

PI. VIII, figs. 1-3; PI. IX, figs. 3, 5-6. 

Type Material 

1. Holotype* consisting of steinkern and external mould of the 
same cephalon preserved in mottled greyish fine-grained sandstone from 
Davies’ Quarry, on the western branch of Stony Creek, about a mile 
north of the Kinglake West State School, Victoria. This is the locality 
from which Dicranurus kinglakensis (Gill 1947) was recently described. 
Nat. Mus. Vic., Reg. Nos. 14580 and 14581. 

2. Paratype consisting of steinkern and external mould of a thorax 
and pygidium together in mottled blue-grey and greyish fine-grained 
sandstone from the same locality as the holotype (Nat. Mus. Vic., Reg. 
Nos. 14582 and 14583). All the above specimens were collected by Mr. 
F. S. Colliver and presented to the National Museum. I wish to thank 
Mr. Colliver for the opportunity of describing the specimens. 

Descriptions 

1. Cephalon. Sub-triangular in outline, tumid, of longitudinal median 
profile as shown in fig. 1e. Length in plan (i.e., not following the con¬ 
tours of the carapace) is 4*2 cm., and width 5*5 cm. The right genal 
angle has been fractured and turned ventrally a little; the normal width 
of the cephalon would be about 6 4 cm. If the profile is followed, the 

*Following local practice, the author has previously called the steinkern and 
external mould of a new species syntypes. This point was discussed with Dr. C. 
Teichert and Dr. A. Opik and the opinion reached that as there is only one 
biological specimen concerned, the two palaeontological specimens should be 
regarded as but two parts of a single holotype. The same principle has been 
applied to the naming of secondary types. 
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maximum width is 7 3 cm. Glabella sub-quadrate, slightly narrower in 
front; length 2 7 cm., anterior width 2*1 cm., and posterior width 2*6 
Cm. Axial furrows definite, but not well developed. Eyes elevated on 
raised areas. Neck ring flat, and about 3-5 mm. wide. Neck furrow 
comparatively deep and narrow (about 1 mm.), continuous with pos¬ 
terior marginal furrow, which is wider. Genal angles well rounded; 
facial suture cuts genal angle, then curves so as to be parallel for a 
short distance with the posterior margin of the cephalon. It thereupon 
curves anteriorly again to the eye, and after skirting the eye it continues 
anteriorly almost parallel with the axial furrow. When near the anterior 
end of the glabella, it curves round to form an obtuse angle with the 
suture from the other side, 2*5 mm. behind the apex of the pre-glabellar 
field (this seen in counterpart). Epistomal sutures have not been recog¬ 
nized with certainty. Pre-glabellar field wide (1 cm.), but pre-sutural 
area narrow (2*5 mm.). Pre-glabellar field flat (not upturned as in 
Trimerus zeehanensis ) and pointed. 

The external mould counterpart shows the dorsal surface of the 
cephalon to have been comparatively smooth, but covered with numerous 
very fine pittings (minute mounds on the mould). 

Thorax of ten segments preserved; it is presumed that there were 13 
segments present as is usual in these forms. Trilobation almost lost. 
Five and a half centimetres of each pleuron is gently arched, and then 
on each side steeply deflected ventrally. Each pleuron has a narrow 
anterior articulating portion two to three millimetres wide, then a deep 
furrow about a millimetre wide, followed by the main part of the 
pleuron 3£ to 4 mm. wide. A row of large pits (impressions of articu¬ 
lating condyles) on each side of the thorax marks where the axial 
furrows would normally be. The axis is extremely wide, being 4*3 cm. 
anteriorly, and tapering back to the width of the pygidial axis (2*3 cm.). 

The external mould counterpart shows that the fine pittings observed 
on the cephalon occur similarly on the thorax and pygidium. 

Pygidium sub-triangular, strongly arched, trilobation moderately de¬ 
fined, acuminate. Fourteen pygorachial segments, the last being poorly 
defined; seven pvgopleural segments, the most posterior being very 
poorly developed. Axis about one-third of width of pygidium; width 
anteriorly 2*3 cm. 

Comment. The specimens described (with addition of missing 
thoracic segments) would constitute a complete carapace of 14*5 cm. 
In the collection of Mr. F. S. Colliver is a cephalon from the same 
locality which is 6*5 cm. long. Proportionately to the type specimens, 
this cephalon would belong to a carapace 22*4 cm. long. Koch (1883) 
has described homalonotid trilobites of this magnitude, and one pygidium 
he figures, which is 12 cm. long, must have belonged to a remarkably 
big trilobite. 

Besides the type specimens described above, two other specimens of 
this species are figured. Plate IX, fig. 5, is of a thorax and pygidium 
with a cephalon on the opposite side (Nat. Mus. Vic., Reg. No. 14584). 
This specimen shows the thoracic pits (impressions of condyles) dis¬ 
tinctly, and also the nature of the pleural furrows. A shallow and 
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narrow furrow divides each plenron into a wide posterior part and a 
narrow anterior part (the articulating half ring), as seen clearly in the 
most anterior segment of the paratype. 

The holotype cephalon is broken away on the anterior of the right 
side, revealing a flat doublure (5 mm. wide, although full width not 
showing) under the front of the pre-glabellar field. Laterally, the 
doublure has a deep marginal furrow, 2 mm. wide and about 1 • 5 mm. 
deep. It begins opposite the axial furrow and rapidly deepens and 
widens to the dimensions given. The cephalon No. 14584 shows that 
this furrow flattens out towards the genal angle, becoming a more or 
less flat doublure 3 mm. wide. 

Plate IX, fig. 6, is a pygidium preserved as a steinkern, which is 
figured (Reg. No. 14585), and an external mould (Reg. No. 14586). 
The latter shows that the pygidium tapered to a fine point, as seen in the 
paratype thorax and pygidium. The steinkern is broken away on the 
left side, and reveals a doublure about 4-5 mm. wide and slightly convex. 
Under the posterior margin of the pygidium it can be seen that the 
doublure continues to the end at this same width and with a similar 
convexity. Fourteen pygorachial segments can be distinguished, and 
seven pygopleural segments. The above two figured specimens are 
topotypes (coming also from Davis’ Quarry), and may also be regarded 
as hypotypes. 

The most distinguishing structures of Trhnerus kinglakensis are 
the large pointed pre-glabellar field with its tiny boomerang-shaped 
epistoma, the absence of glabellar furrows, the strongly developed articu¬ 
lating condyles in the thorax, and its large size. 

Trimerus lilydalensis, sp. nov. 

Plate VIII, figs. 4, 5; PI. IX, fig. 7. Text fig. If. 

Type Material 

1. Holotype consisting of steinkern and external mould of the same 
individual preserved in reddish shale. Hull Road, Lilydale. For locality, 
see Gill 1940. (Nat. Mus. Vic., Reg. Nos. 14587 and 14588.) 

2. Paratype consisting of steinkern of a pygidium in yellow shale. 
Same locality. (Nat. Mus. Vic., Reg. No. 14589.) 

Descriptions 

1. Cephalon. Measurements in plan (i.e., not following the contours 
of the carapace) : 


Length of cephalon 



1-55 cm. 

Width of cephalon 



2-55 cm. 

Length of glabella 



1 cm. 

Width of glabella anteriorly 



8-5 mm. 

Width of glabella posteriorly 



1 cm. 

Distance of eye from lateral margin 

(along suture) .. 

1 cm. 


Distance of eye from lateral margin (along suture) 1 cm. Cephalon 
sub-triangular in outline, with fairly pointed pre-glabellar field, but well 
rounded genal angles. Exceedingly tumid; median longitudinal profile 
as shown in fig. If. Eyes prominent, elevated on protuberances, and 
much more remote than in the other new species described in this paper. 
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Glabella sub-quadrate, but narrowing anteriorly, and anterior margin 
slightly rounded. Axial furrows almost absent. 

The facial sutures cut the genai angles, then arch forward to run 
parallel to the posterior margin of the cephalon (and about 4 mm. from 
it) until the eyes are reached. Having skirted the eyes, the sutures run 
forward parallel to the lateral margins of the glabella, as far forward 
as its anterior margin, then they curve across the pre-glabellar field to 
meet about 1*5 mm. from the tip of the cephalon. The epistome is thus 
small. 

The nuchal segment is not conspicuous or well-defined. The external 
mould of the cephalon shows the left facial suture, and indicates that 
the surface of the carapace was smooth. 

2. Pygidium about 2*8 cm. long. Segmentation distinct, but trilo- 
bation indistinct. Eleven pygorachial segments can be distinguished, but 
there may well have been twelve. Nine pygopleural segments can be 
counted; there were possibly ten. 

Comment. This is a small trilobite compared with the other new 
species here described. The whole carapace was probably only 8 or 9 
cm. long. A fragment of a pleural segment suggests that the pleural 
furrows ran along the middle of the pleura, i.e., along the middle of the 
elevated part of the pleurae showing when they are in place, as in T. 
harrisoni. This species also contrasts with the other new forms in that 
it has a more transverse cephalon, the eyes are more remote, and the 
trilobation of the pygidium is much less distinct. 

Trimerus zeehanensis, sp. nov. 

PI. IX, figs. 1, 2, 4. Text fig. Id. 

Type Material 

1. Holotype consisting of steinkern and external mould of cranidium. 
(Nat. Mus. Vic., Reg. Nos. 14590 and 14591.) 

2. Paratype consisting of steinkern and external mould of pygidium. 
(Nat. Mus. Vic., Reg. Nos. 14592 and 14593.) 

A free cheek and part of a pleural segment are also described, but are 
given no typical standing. 

All specimens from the right bank of Little Henty River, 1 mile S.E. 
from Zeehan. 

Descriptions 

Cranidium comparatively tumid, smooth except for very fine and 
moderately dispersed ‘granulation’, 2*2 cm. long in plan (i.e, not follow¬ 
ing the contours of the carapace), and 2*7 cm. wide from eye to eye. 
Median longitudinal profile as fig. Id. Glabella sub-quadrate, slightly 
narrower in front. Approximately 1*7 cm. long, 1*3 cm. wide anteriorly 
and 1*6 cm. posteriorly. No glabellar furrows present. Axial furrows 
poorly defined. Nuchal segment and furrow clearly defined. Pre- 
glabellar field markedly concave, the anterior rim being upturned. The 
part of the facial suture alongside the glabella runs to the eye more or 
less in a straight line, and parallel to the side of the glabella. The suture 
is 6 mm. from the lateral margin of the glabella. From the eye, the 
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suture turns away towards the genal angle so as to form an angle of 
the order of 130°. 

External mould of cranidium shows strongly the upturned front 
margin, and that the surface was smooth except for the fine 'granu¬ 
lation’, which is so minute that it is not noticed until a lens is employed. 
It appears in our specimens as minute papillae on both steinkerns and 
external moulds, so must have consisted of pittings on both the external 
surface and internal surface. The mould also shows that the front margin 
of the cranidium is nearly straight, being indented slightly. 

Pygidium triangular, strongly arched, with well-defined pygorachial 
and pygopleural segments. Margin entire. Axis a third of width of 
pygidium. Axis well marked, but axial furrows not deep. Pygorachial 
and pygopleural segments in cross-section are streamlined like a sand 
dune, i.e., with a long slope anteriorly and a short one posteriorly. There 
are twelve pygorachial segments, not counting the rounded terminal 
segment; eight pygopleural segments. 

Dimensions in plan: Length 3 0 cm. 

Width 3-6 cm. 

Dimensions following contours of pygidium: Length 3-5 cm. 

Width 5-7 cm. 

These figures indicate the high degree of tumidity. 

External mould of pygidium shows the carapace to have possessed an 
'ornament’ similar to that of the cephalon. 

Free cheek shows facial suture curves anteriorly so as to form one 
side of an arch. From the position of the eye, the suture swings out¬ 
wards, then posteriorwards, then outwards again to the genal angle. 
A line from the eye to where the suture cuts the genal angle, makes an 
angle of about 120° with the straight part of the suture which is parallel 
to the lateral margin of the glabella. The free cheek is tumid, more so 
posteriorly than anteriorly. Opposite the eye, the margin of the cheek 
is deflected sharply so as to be almost at right angles to the general 
dorsal surface. Anteriorly, the cheek preserves part of a furrowed 
doublure. The cheek is 'granulated’ like the cephalon, but the granu¬ 
lations appear to be closer; this is probably due to better preservation. 

A fragment of a pleuron shows a deep furrow which divides the 
segment unevenly, thus: 


Wide part 


Furrow 

1*5 mm. 

Narrow part 

2 mm. 

Total width 

.. .. 6-5 mm. 


A terminal fragment of a pleural segment shows that the furrow 
almost reaches the end of the segment, which is deflected posteriorly. 

Comment. The complete carapace of trilobites of this type is from 
3'5 to 4 5 times as long as the pygidium, the variation being clue largely 
to the presence or absence of extensions on the cephalon and pygidium. 
The thorax is usually twice the length of the pygidium if any pygidial 
spine present is left out of account. On this basis, we may infer that the 
type specimens represent a trilobite about 12 cm. long. A much larger 
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pygidium was collected from the locality, which suggests a form about 
18 cm. long. The upturned pre-glabellar field readily marks off this 
species from the others described. It has been suggested to me that the 
upturned anterior margin would act like that of a toboggan. 

Genetic Relationships 

In the National Museum there is a complete but poorly preserved 
Trimerns carapace from ‘Section XII, Parish of Yering’ collected by 
Mr. Geo. Sweet, which apparently belongs to T. Ulydalensis. The thorax 
is the best preserved part, and it is particularly like that of T. karrisoni, 
with similar profile in cross-section, and similar median pleural furrows. 
This suggests that T. lilydalensis is the Lower Devonian descendant of 
the Silurian T. harrisoni. 

Secondly, the similarities between T. vomer and T. kinglakensis are 
striking. T he latter is really a T. vomer, in which the obsolescence of 
the glabellar furrows has been completed, i.e., they have disappeared, 
and the form in general has become more developed. The only other 
important difference is that the glabellar is more tapered in T. vomer, 
and the facial suture follows that lineation. We may conclude that T. 
kinglakensis is genetically related to, and probably a little later in time 
than, T. vomer. 

Thirdly, T.. zeehanensis provides a distinct species. However, as so 
little is known of Tasmanian palaeontology, it is not surprising that no 
ancestor can be indicated. 
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Description of Plates 

Plate VIII 

Fig. 1.—Steinkern of cephalon of Trimerus kinglakensis sp. nov. HOLOTYPE. 

Fig. 2.—External mould of same. HOLOTYPE. 

Fig. 3.—Steinkern of thorax and pygidium of same. PARATYPE. 

Fig. 4.—Steinkern of cephalon of Trimerus lilydalensis, sp. nov. HOLOTYPE. 

Fig. 5.—Side view of same, to show course of facial suture. 

All figures are actual size. 

Plate IX 

Fig. 1.—Steinkern of cephalon of Trimerus zeehanensis, sp. nov. HOLOTYPE. 

Fig. 2.—External mould of same. HOLOTYPE. 

Fig 3 —-Steinkern of cephalon of Trimerus kinglakensis, sp. nov. Side view to show facial 
suture. HOLOTYPE. 

Fig. 4.—Steinkern of pygidium of Trimerus zeehanensis, sp. nov. PARATYPE. 

Fj g> 5 ,—Steinkern of thorax and pygidium of Trimerus kinglakensis, sp. nov. HYPOTYPE 
referred to on page 68 (Nat. Mus. Vic., Reg. No. 14584). 

Fig. 6 .—Steinkern of pygidium of T. kinglakensis, sp. nov. HYPOTYPE referred to on page 69 
(Nat. Mus. Vic., Reg. No. 14585). 

Fig. 7.—Steinkern of pygidium of Trimerus lilydalensis, sp. nov. PARATYPE. 

All figures are actual size. 
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Introduction 

The district described in this paper covers an area ten miles by seven 
made up of the Parish of Tooborac and portions of the Parishes of 
Warrowitue, Panyule and Pyalong, all in County Dalhousie. Tooborac 
itself lies on the Kilmore-Bendigo railway some sixty miles north of 
Melbourne and ten miles south of Heathcote. 

This area is a continuation to the south of the district surveyed by 
Thomas (23) and completes the mapping of the southern half of the 
Mt. William-Heathcote-Colbinabbin axis. The geological mapping was 
carried out by compass and pacing traverses, using as a basis the 
Military Survey maps (Pyalong and Heathcote Sheets) on a scale of 
one mile to the inch and Lands Department Parish Plans on scales of 
twenty and forty chains to the inch. The area between 1 ooborac and 
the Sugarloaf was surveyed by chain and compass traverses on a five- 
chain grid. Difficulty was expereinced in the detailed mapping of the 
Cambrian rocks through the paucity of good outcrops. Every exposure 
has been examined, but intervening areas are generally not amenable to 
detailed study. 

Previous Work 

Very little work has been carried out in this area in the past. The 
south-western corner is included in Quarter Sheet No. 51 S.W. of the 


75 


76 


0 . P. Singleton: 

Geological Survey of Victoria, which was surveyed in 1856 by N. 
Taylor, who from the contact zone of the Cobaw granite in the vicinity 
of Hayes Hill recorded gneiss, now shown to be part of a metamor¬ 
phosed porphyrite dyke. Dr. A. W. Howitt (13) noted the presence of 
the ‘diabase’ series at Tooborac and figured a section of ‘actinolite rock’ 
from there. Three short survey camps were held in 1938, 1939 and 1940 
by students of the University of Melbourne, when reconnaissance work 
was carried out over a large part of the area. Occasional references 
have also been made in Mines Department publications to auriferous 
quartz reefs at the Sugarloaf and elsewhere. 

While little has been published on Tooborac itself, the proximity of 
the classic localities of Heathcote and Lancefield on the same trend-line 
makes a short summary of work in these areas desirable. At Heathcote 
and in the parishes to the north early Geological Survey workers 
regarded the igneous rocks as trap dvkes intruded along the boundary 
between the Lower (Ordovician) and Upper Silurian. Selwyn (18), 
Murray (17). In 1888 and 1891 E. J. Dunn (5) recorded both intru¬ 
sive and extrusive rocks, with tuffs and jaspers. As a direct result of 
this the area was resurveyed by E. Lidgey and W. H. Ferguson, who 
considered that the diabases were conformable with the Lower Silurian 
while the Upper Silurian was deposited unconformably upon both series. 
Trilobite-bearing beds were discovered at the base of the Lower Silurian 
and were later shown by R. Etheridge (11) to be Cambrian in age. 
Howitt published a petrological report on the igneous rocks in 1896 
(13) in which he maintained that the cherts were formed by the 
alteration of Lower Silurian shales during the intrusion of the diabases 
and granites, a view to which Lidgey then agreed. 

In 1903 Professor J. W. Gregory (12) published a paper on the 
diabasic rocks of Victoria and concluded that both Ordovician and 
Silurian had been deposited unconformably upon the diabases and schis¬ 
tose rocks, for which he coined the term Heathcotian. He believed that 
the trilobite beds were Ordovician in age. This was confirmed by F. 
Chapman. Prof. E. W. Skeats (19) was of the opinion that the diabases 
were mainly effusive and probably Lower Ordovician in age. He also 
recorded the presence of Protospongia in the cherts which he regarded 
as altered Ordovician rocks. Chapman (3) in 1917 described collections 
from the trilobite beds and stated that the trilobites were Upper Cam¬ 
brian in age, while some of the brachiopods were Ordovician in their 
affinities. 

Recently Dr. D. E. Thomas has remapped the area and proved that 
the Cambrian rocks are separated from the Ordovician and Siluro- 
Devonian by high angle reverse faults. His work shows the structure 
to be extremely complex, with both strike and oblique faulting, and 
extensive shearing. He established a conformable sequence between the 
Middle Cambrian Dinesus-Hydroid beds and the Ordovician both at 
Knowsley East, north of Heathcote. and at Lancefield, and he also 
zoned the Silurian rocks and proved the presence of Yeringian (Lower 
Devonian) rocks. 

At Lancefield, Skeats (20) showed that the Ordovician was deposited 
conformably on the Cambrian diabases and cherts, which he believed 
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to be marine. He thought that the Silurian was deposited unconform- 
ably upon the Cambrian with basal conglomerates. This area has been 
resurveyed by Thomas, who found that the Cambro-Silurian boundary 
is a high-angle reverse fault similar to those at Heathcote. The con¬ 
glomerates were proved to be interbedded and to be conformably under¬ 
lain by Upper Ordovician, and a conformable succession from the 
diabases through the Upper Cambrian Goldie Series to the Lower 
Ordovician was established. 

General Geology 

The oldest rocks exposed in the area are altered igneous and pyro¬ 
clastic rocks of Cambrian age which outcrop along a narrow belt 
trending slightly west of north and forming part of a major structural 
feature of Central Victoria — the Mt. William-Heathcote-Colbinabbin 
Cambrian belt. This belt forms the western limit of Siluro-Devoniau 
sedimentary rocks in Victoria and separates them from the main areas 
of Lower Ordovician to the west. The eastern boundary of the Cam¬ 
brian belt is a reverse fault—-the Mclvor Fault—which brings Cambrian 
against the higher zones of the Silurian, involving a stratigraphic throw 
of tens of thousands of feet. The western boundary, the Heathcote 
Fault, is of much smaller dimensions, faulting Lower Ordovician against 
the Cambrian. As demonstrated by Thomas at Heathcote, these faults 
are high-angle reverse faults hading to the west. 

The Cambrian rocks, especially the tuffs, have been sheared and 
reconstituted by low-grade dynamic metamorphism and metasomatism 
associated with the faulting. As a result the structure of the belt, which 
has been shown by Thomas to be strongly folded north of Heathcote, 
has been largely obliterated in the Tooborac area. 

The Ordovician sediments to the west are closely folded, whereas the 
Silurian by comparison is simple in structure, being folded into broad 
open pitching folds. Two small strips of Ordovician slate have been 
faulted into the Cambrian, but the mechanism involved is difficult to 
picture. 

This whole sequence has been intruded at the close of the Devonian by 
the Cobaw batholith, a compound intrusion of granite and granodiorite, 
with associated hypabvssal types including hypersthene porphyrite which 
has been metamorphosed by the granite. A series of diopside-bearing 
rocks occurs sporadically through the metamorphic aureole and is 
believed to be metasomatic in origin. 

Post-Tertiary high-level gravels occur at the northern end of the 
area but are not traceable further south. Both these gravels and the 
alluvial deposits along the main streams are auriferous. 

Physiography 

Tooborac lies on the northern flanks of the Western Highlands 
Province of Victoria. The country is broadly undulating, with steep 
ridges of the more resistant rocks rising above the general level. The 
most important of these is the ridge of hornfels forming the metamorphic 
aureole of the Cobaw batholith, which is a complete ring broken only by 
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narrow gaps through which pass the main streams draining the granite. 
In general, the granitic rocks occupy lower ground than the aureole, but 
are higher than the unaltered sediments to the north. The long ridge 
between Tooborac and Heathcote, and Tooborac Hill, are composed of 
hard Silurian sandstones and directly reflect its structure. Alluvial fans 
are conspicuous along the foot of these ridges. 

The annual rainfall varies from 25 ins. to 30 ins., and the main 
streams rising within the area are intermittent and cease to flow during 
the summer months. They are mostly early mature streams with narrow 
flood plains. A high-level terrace is present along Mclvor Creek, and at 
the northern end of the area Post-Tertiary gravels occur. 

The control of the stream patterns by the geology is most marked. 
In the Ordovician the pattern is parallel to the strike of the interbedded 
sandstones and slates, while the .softer Silurian mudstones give rise to 
an open dendritic type. In the granitic rocks the control exercised by 
jointing has resulted in a modified rectangular drainage pattern. 

Cambrian 

A succession of altered igneous and pyroclastic rocks belonging to the 
Heathcote Formation of pre-Middle Cambrian age outcrop along a 
narrow belt bounded on the east and west by the Mclvor and Heathcote 
Faults respectively. This belt marks the crest of the Mt. William- 
Heathcote-Colbinabbin axis, being a southern extension of the Heath¬ 
cote section between South Heathcote and the Cobaw granitic massif. 
Two distinct changes are evident in the trend of the Cambrian. At the 
northern end of the area, the north-westerly trend of the Heathcote 
section gives place to a north-northwesterly one, while about one mile 
north of the granite contact this in turn changes to a north-south trend 
on the same line as the meridional Mt. William section of the axis. No 
cross-faulting has been observed at either of these points, and the main 
boundary faults appear to be continuous, although slightly offset along 
a small tear fault on the fourth gully north of Tooborac. 

The rocks are predominantly tuffaceous, with a number of small 
masses of albite-rieh igneous rocks apparently intrusive into them. 
Presumed lava flows have been found in only two localities, while 
cherts, which are well-developed in other Cambrian areas of Victoria, 
and normal sediments are absent. This belt, therefore, is very similar 
lithologically to the Heathcote section, which is characterised by the 
predominance of pyroclastics and minor intrusives and differs from the 
Mt. William and Colbinabbin sections, which consist almost entirely of 
basic lavas interbedded with cherts, but with very few tuffaceous bands 
or minor intrusives. 

The structure of the Cambrian belt is undoubtedly very complex, but 
the destruction of original stratification through the development of 
foliation and the scarcity of outcrops makes a detailed study of the 
structure impossible. The whole series has been extensively altered as a 
consequence of low-grade dynamic metamorphism and metasomatism, 
connected with the orogenic movements during the Devonian. Shearing 
and recrystallization under conditions of deep burial and moderate 
temperatures have resulted in the obliteration of many of the original 
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structures and textures and in the complete reconstitution of the mineral 
assemblages. The tuffaceous rocks have developed a strong foliation, 
especially in the vicinity of the boundary faults, and have been meta¬ 
morphosed to talc-chlorite and actinolite rocks. The igneous rocks have 
resisted the shearing movements better, but have been albitized and 
uralitized, and in some cases have been completely recrystallized. Meta- 
somatic replacement has locally converted the pyroclastic rocks into 
jasperoids and calcareo-siliceous rocks. 

As a result of this alteration, the identification of original petrological 
types has been made very difficult, so that only general terms can be 
used. 

The Cambrian rocks also enter the metamorphic aureole of the 
Cobaw granite, which has metamorphosed the pvroclastics to tremolite 
hornfelses and the subordinate igneous rocks to epidiorite. 

The Heathcote Formation (old ‘Heathcotian’) has been shown by 
Thomas (24) to be overlain in the Parish of Knowsley East by the 
Dinesus- Hydroid beds, a series of fine-grained sediments with inter- 
bedded ash beds containing the trilobites Dinesus id a, Notasaphus 
fergusoni, Dorypyge sp., Agnostus sp., and Amphoton sp. of Lower 
Middle Cambrian age—Whitehouse (28). The Heathcotian is, there¬ 
fore, older than Middle Cambrian, but since its base is not known its 
lower age limit cannot be fixed. 

Pyroclastics 

Pyroclastic rocks form the greater proportion of the rocks of the 
Cambrian belt, and are mostly fine-grained, dynamically metamorphosed 
tuffs which, in places, have been altered metasomatically to jasperoids 
and calcareo-siliceous rocks. These tuffs have suffered considerably as 
a result of the shearing movements, which have produced a well-marked 
foliation, particularly evident in the vicinity of the boundary faults. They 
have been largely reconstituted during these movements and are now 
talc-chlorite and actinolite ‘schists’. 

The talc-chlorite type is well represented in the centre of the belt, 
where the rocks consist almost entirely of fine-grained talc and chlorite, 
with or without small amounts of quartz, iron ore, pyrite and calcite. 
In the coarser-grained rocks pseudomorphs of talc are common after 
primary ferromagnesian minerals, and the interstitial talc is itself rather 
coarser (6967, PI. X, fig. 1). Any original stratification has been com¬ 
pletely destroyed by the metamorphism and shear planes are abundant, 
being marked by films of limonite. 

A representative section (6940) of the actinolitic type found in a 
small area to the northern end of the belt shows a very fine felt of pale 
green amphibole and actinolite fibres, with odd crystals of albite and 
fibrous actinolite. 

Ash beds showing a similar development of pale green amphibole 
occur about two miles from the granite contact, but in this case the 
development of amphibole is believed to be due to incipient contact 
metamorphism, and these rocks are dealt with later. 

In a number of scattered localities the tuffs have been altered meta¬ 
somatically by silicifying solutions converting them into jasperoids and 
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calcareo-siliceous rocks similar to those described by Skeats (20) from 
Heathcote. The jasperoids consist of fine cherty silica with small 
crystals of pyrite, patches of a green chloritic material—'selwynite’— 
and in one slide (6941) small clots of actinolite. 

The calcareo-siliceous rocks are very similar but contain varying 
amounts of secondary carbonates (including siderite) and chlorite, in 
addition to the finely crystalline quartz. 

These metasomatic rocks are more common at the northern end of 
the belt and are often found in close proximity to the boundary' faults, 
which may have served as channels for the silicifying solutions. They 
are usually associated with the pyroclastics, from which they are 
apparently derived. The actual date of the metasomatism cannot be 
determined, but it is probably associated with the more general dynamic 
metamorphism. It is noteworthy that the northern outcrop contains 
many small quartz reefs which may possibly be related to the quartz 
reefs derived from the Devonian Cobaw granite. 

Lava Flows 

Definite volcanic rocks have not been proved in this area, but at two 
small outcrops, Cl, 2, the rocks are related petrologically to the basic 
lavas of the other Cambrian areas and may well be volcanic in origin. 
The junctions with the surrounding tuffs are not visible, and the rocks 
have been recrystallized, thus destroying original textures. 

Outcrop Cl consists of a massive dark green rock showing small 
crystals of uralite, but no trace of flow structure or vesicles. Under the 
microscope (6942) it is finely porphyritic, with traces of the original 
phenocrysts, now altered to albite and green hornblende. The albite 
Aboi contains saussurite and sericite, and shows partial replacement by 
micrographic quartz. Original ferromagnesian phenocrysts have been 
replaced by pale green uralitic hornblende, pale fibrous amphibole and 
chlorite which contain grains of secondary quartz and small clots of 
stilpnomelane* The groundmass has recrvstallized to a fine-grained 
aggregate of albite, secondary hornblende and actinolite fibres, quartz, 
ilmenite and sphene. 

The rock at locality C2 occurs as scattered boulders within green 
actinolitic tuffs and consists of fine-grained albite Abo 8 , fibrous actino¬ 
lite, fine granular quartz and odd nests of stilpnomelane (6943). The 
texture varies considerably, due to the effects of recrystallization. Albite 
occurs sometimes as well-formed twinned crystals, but more commonly 
in anhedral clots showing wavy extinction, while secondary quartz 
occurs in small veins and lenses. This rock has been largely recrystal¬ 
lized, so that its classification as a volcanic rock is not at all certain. 

Albite-rich Rocks 

A number of small masses of albite-rich rocks outcrop within the 
tuffs of the Cambrian belt and appear to be intrusive into them. 1 he 
smaller ones are lenticular bodies only a few yards long, elongated in 
the general direction of the belt, and apparently parallel to the foliation 
of the surrounding tuffs. The larger masses, on the other hand, are 
more in the form of small bosses and appear to transgress the foliation 
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Fig. 2. —Detailed map of the area outlined in northern section of Fig. 1. 
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of the tuffs. This cannot be confirmed, however, because in no case has 
a junction with the tuffs been observed in the field. 

Similar albitic rocks occur at Heathcote, where they are regarded 
as being intrusive into the tuffs. These rocks have been variously 
described as diorite, hornblende porphyrite and felspar porphyrite 
(Thomas (22)), but in all cases the felspar is apparently albite. 

The albite-rieh types are fine-grained massive rocks showing no traces 
of flow structure or original vesicles. Jointing is well developed in all 
outcrops, with individual joint planes from a few inches to several feet 
apart. As there is no evidence of movement along these planes, they 
are considered to be younger than the tectonic movements and probably 
due to relief of pressure through erosion of the overlying rocks and to 
expansion on weathering. 

These rocks have not been directly affected by the shearing move¬ 
ments, although in one rock (6944) fine shear planes are detectable 
under the microscope. This may be explained by their greater com¬ 
petence causing them to behave under the shear stresses as small rigid 
augen enclosed by the incompetent pyroclastics. 

All these rocks are characterised by the abundance of albite, which, 
in the less altered rocks at least, is the dominant constituent. Both 
porphyritic and equigranular types are present, but the subsequent 
recrystallization has destroyed the original textures in many of the 
rocks. 

The outcrop of C4 is representative of the less altered porphyritic 
types. It is a light brown rock containing subhedral tabular phenocrysts 
of albite Ab 95 up to 3 mm. long set in a microcrystalline groundmass 
of albite, clots of secondary stilpnomelane, accessory iron ore and odd 
needles of apatite (6945, PI. X, fig. 4). The albite phenocrysts are quite 
fresh and show twinning on the Carlsbad, albite, and pericline laws, 
while the groundmass also shows no sign of recrystallization. 

The larger body near the northern end of the belt is very similar to 
the above but shows greater variation in texture and degree of recrystal¬ 
lization. Slide 6946 of the least altered rock contains, in addition to the 
fresh albite phenocrysts, needles of brown hornblende which have been 
largely replaced by fibrous actinolite. The groundmass is rather coarser 
grained, consisting of albite, stilpnomelane and actinolite fibres, and 
granular sphene. Slide 6947 contains no amphibole, and the groundmass 
albite is partially recrystallized. Stilpnomelane and sphene are common 
and clots of secondary quartz and chlorite are present. In slide 6948 
the groundmass has recrystallized to a quartz-albite intergrowth, and 
micrographic quartz has begun to invade some of the albite phenocrysts. 
Secondary stilpnomelane, calcite and chlorite are present, while the 
albite phenocrysts contain small grains of clinozoisite. 

The rock at C24 (6949) is closely allied but contains less stilp¬ 
nomelane, so that it is lighter grey in the hand specimen. The albite 
phenocrysts contain clinozoisite grains, but the groundmass albite has 
not recrystallized. 

The same course of alteration is shown by the small body at C6, 
which consists of two outcrops about one chain apart, the interval 
between being covered by a thin veneer of alluvium. While the textures 
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of the two outcrops differ, it is apparent that they belong to the same 
body, and this is supported by the occurrence in both of prismatic 
brown hornblende showing progressive replacement by secondary green 
amphibole, colourless epidote and chlorite. This brown hornblende has 
been found in only one other rock, 6946, described above. 

The least altered rock from the northern outcrop, 6950, is similar to 
the small body in allotment 16, Parish of Heathcote, which has been 
described erroneously by Howitt (13) as labradorite porphyrite. The 
plagioclase felspar in both rocks is albite, not labradorite. The Tooborac 
rock is fine porphyritic grey-green rock containing phenocrysts of 
euhedral to subhedral brown hornblende up to 3 mm. long and saussurite 
in a fine groundmass of albite, quartz, chlorite, saussurite, leucoxenized 
ilmenite and odd pyrite grains. The hornblende is quite fresh but is 
often corroded and contains grains of iron ore, while the groundmass 
also shows no sign of recrystallization. 

Slide 6951, also from the northern outcrop, shows an intermediate 
stage of alteration. The albite Abas is clouded and partially replaced by 
clinozoisite and sericite, while the brown hornblende is largely altered 
to fibrous green amphibole. Rather more granular quartz is present in 
the coarser grained groundmass, which also contains some clinozoisite, 
calcite and apatite. 

The southern outcrop is more coarsely granular, and in this section 
(6952) is seen to be more equigranular and to consist of albite crystals 
Ab 92 largely replaced by micrographic quartz and relics of brown horn¬ 
blende altering to fibrous green amphibole and aggregates of colourless 
epidote, clinozoisite and chlorite. Accessories include leucoxenized 
ilmenite, sphene and apatite. 

The rock at C3 (6953) belongs to the group of rocks containing 
no ferromagnesian minerals. It is a fine-grained, greenish-grey rock 
consisting of clouded albite crystals Ab »2 in a groundmass which lias 
recrystallized to quartz-albite intergrowths frequently radiating from a 
central albite crystal. Quartz crystals are not common but may be 
primary. The albite contains grains of clinozoisite and sericite, while 
secondary calcite, chlorite and sphene are common in the groundmass. 

The rock at C25 (6954) consists predominantly of fine granular 
albite Abg 3 with small amounts of quartz, chlorite, calcite, apatite, and 
limonite after pyrite. This rock is the only example of the massive rocks 
in which shear planes can be identified with certainty. These are dis¬ 
tinguished by a very thin zone of granulation in which calcite, chlorite 
and pyrite have been occasionally introduced. 

A boulder at the southern end of this outcrop is more altered and 
consists of albite containing clinozoisite in a base of granular quartz, 
quartz-albite intergrowth, aggregates of clinozoisite, ilmenite, sphene 
and chlorite (6955, PI. X, fig. 3). This rock contains a light-coloured 
vein of quartz, albite, clinozoisite and radial quartz-albite intergrowths. 

Rocks 6957, 6958 and 6959 are related to 6949 but are very fine¬ 
grained. They contain microphenocrysts of lath-shaped twinned albite 
in an aphanitic base of quartz, albite and a little secondary amphibole. 
In 6959 the albite laths show a slight preferred orientation. 
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In rock 6960 the albite base has recrystallized as radiating aggregates 
with wavy extinction containing fine granular quartz and odd albite 
laths. 

Rock 6961 is a fine-grained grey rock composed of albite laths Ab 90 
and small quartz grains, with an interstitial groundmass of albite, 
secondary calcite, and chlorite. 

In certain rocks stilpnomelane becomes the dominant mineral to such 
an extent that the original nature of the rock is uncertain. In rock 
6962 it occurs as a mesh of fine needles and plates, together with quartz, 
albite showing wavy extinction, and odd fibres of actinolite. A veinlet 
crossing this slide is composed entirely of stilpnomelane and small 
amounts of vein quartz. 

Rock 6963 (PI. XI, fig. 1) is a brown micaceous rock composed of 
clots and plates of fairly well formed stilpnomelane in a base of cherty 
silica, and is more probably an altered ashbed. 

Even in the less altered igneous rocks the felspars have been albitized 
but still retain their original subhedral to euhedral form. They often 
contain some saussurite which, on further alteration, aggregates into 
small grains of clinozoisite. In the more intensely altered rocks the 
albite, as well as containing grains of clinozoisite, shows progressive 
replacement by introduced micrographic quartz, while the groundmass 
albite has also recrystallized again with the introduction of micrographic 
quartz. 

Quartz when present is usually secondary, occurring either as small 
anhedral grains, as vein quartz, or intergrown with and replacing albite. 
In some of the albitic intrusives the larger clear quartz crystals may 
possibly be primary. 

Prismatic brown hornblende has been found in only two localities and 
in each case (6946, 6952) shows progressive replacement by a number 
of secondary minerals, including pale-green amphibole, actinolite, chlorite 
and colourless epidote. This, together with its occurrence as euhedral 
crystals in .slide 6946, supports the view that the brown hornblende is a 
primary mineral. The green amphibole of 6942 is definitely secondary, 
probably replacing a primary pyroxene. 

Primary ilmenite shows alteration first to leucoxene, followed by 
recrystallization to granular sphene. 

The characteristic secondary ferromagnesian mineral is a pale yellow- 
green fibrous amphibole with a small extinction angle up to 5°, being 
often associated with fine needles of actinolite, to which it is probably 
related. Its polarization colours are somewhat anomalous, which is 
apparently caused by partial chloritization of the amphibole. 

Another commonly occurring secondary mineral is a yellow-brown 
micaceous mineral which occurs as sheaf-like aggregates and amorphous 
clots and agrees optically with stilpnomelane—Hutton (14). It is 
strongly pleochroic (X golden-yellow, Y, Z reddish-brown, X < Y 
= Z), pseudo-uniaxial negative, refractive indices (X = 1598, Z == 
1-690) and it extinguishes parallel to the basal cleavage, in which 
position the mottled effect characteristic of biotite is absent. 

Members of the epidote group are common in the more altered 
igneous rocks. In all cases where the grain size permits they have been 
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determined as clinozoisite, but odd colourless grains associated with 
the altered brown hornblende show higher birefringence, suggesting a 
slightly ferriferous variety. In a few rocks (6952, 6955, PI. X, fig. 3) 
clinozoisite forms quite large radiating aggregates, sometimes showing 
spectacular deep blue interference colours. 

The general abundance of albite suggests that the series belongs to 
the spilitic suite, and there arises the question of time and cause of 
albitization. In the majority of the igneous rocks the albite is accom¬ 
panied by other signs of alteration, either partial alteration of primary 
brown hornblende or introduction of secondary minerals, notably stilp- 
nomelane, normally indicative of low grade metamorphism. This, 
together with the association of the albite-rich rocks with foliated tuffs, 
would suggest that albitization is connected in part at least with the 
dynamic metamorphism. Such an occurrence has been described by 
Hutton (14) from the Otago schists of New Zealand, where dynamically 
metamorphosed basic igneous rocks belonging to the chlorite zone have 
given rise to mineral assemblages similar to those described herein. 

Unfortunately the evidence available from the Tooborac rocks is 
inconclusive and solution of this problem must await a complete 
petrological study of all the Cambrian igneous rocks of Victoria. It is 
suggested, however, that albitization was caused by metasomatic replace¬ 
ment associated with the dynamic metamorphism and that the albite is 
therefore neither primary nor of deuteric origin. Eskola ct al. (10) have 
proved experimentally that, under high pressures and at moderately 
elevated temperatures (200°-550° C.) and in the presence of soda-rich 
solutions, basic plagioclases do become albitized. Such conditions may 
well have been present in deeply buried geosynclinal deposits such as 
those in the Victorian Lower Palaeozoic. The soda-rich solutions would 
be derived from sodium salts entrapped during deposition of the over- 
lying sedimentary rocks. 

Owing to the subsequent alteration, the original composition of the 
igneous rocks, especially the intrusives, is very difficult to determine by 
direct means. It is definite, however, taking into account the basic lavas 
of the Mt. William and Colbinabbin Ranges, that the Cambrian igneous 
rocks belonged to a basaltic suite. On this basis, the Tooborac volcanic 
rocks are probably altered basalts, while the albite intrusives may 
represent the more acidic differentiates, possibly of original trachytic 
composition. 

Contact Metamorphosed Cambrian Rocks 

The Cambrian rocks outcrop within the metamorphic aureole of the 
Cobaw granite but, owing to faulting, are not present in the immediate 
contact zone. The metamorphosed rocks are found in a small area on 
Mclvor Creek directly west of Tooborac, where, together with horn- 
felses derived from shales immediately to the west again, they form a 
mass of high-grade rocks isolated from the main belt of hornfelses. To 
the south, between these rocks and the granite, relations are obscured 
by an alluvial flat, while the inner contact zone is occupied by lower 
grade sericitic hornfelses probably derived from Ordovician rocks. To 
the west of the Cambrian the metamorphic grade again falls off so that 
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it appears likely that granitic rocks are present at no great depth below 
the Cambrian. 

As in the unmetamorphosed rocks, pyroclastics predominate, having 
been altered to massive tremolite hornfelses, while the subordinate 
igneous rocks have been metamorphosed to epidiorite. Certain tremolitic 
hornfelses with a base of fine-grained quartz apparently represent the 
nearest approach to cherts found in the area. Outcrops are very limited, 
thus obscuring the field relations of the different rock types and making 
the study of progressive metamorphism difficult. 

Pyroclastics 

Metamorphism becomes manifest about two miles north of the granite, 
where the tuffs are green foliated schists showing a strong development 
of actinolite needles and pale green amphibole. In thin section they 
contain small lenticles of cherty quartz and actinolite fibres surrounded 
by a felt of pale green amphibole and actinolite with scattered crystals 
of albite. These small lenticles represent fine cherty augen formed 
during the shearing movements. 

As the contact is approached the pale amphibole becomes replaced by 
fine needles of tremolite which also enter the cherty lenticles and albite 
crystals, with the result that the schistose texture becomes obliterated. 
Pseudomorphs of original ferromagnesian minerals also consist of fibrous 
tremolite-actinolite. The highest grade rocks, apparently corresponding 
to the cordierite zone of the shales to the west, are non-foliated greenish 
hornfelses consisting almost entirely of interlocking fibrous tremolite 
with scattered iron ore grains and rounded blebs of quartz or albite 
Ab 90 - 95 . The quartz blebs often consist of a single clear crystal showing 
partial replacement bv tremolite needles encroaching from the margins 
(6964, PI. XI, fig. 2). Some of these quartz crystals contain small 
euhedral crystals of zoned, untwinned oligoclase and also vermicular 
chlorite. 

Associated with the tremolite hornfelses are rocks consisting of fine 
recrystallized quartz with coarser veins and clots of the same mineral, 
radial aggregates of tremolite-actinolite, and grains of iron ore. These 
siliceous rocks are thought to represent a small mass of metamorphosed 
cherts, the only occurrence of cherts in the area. 

Metamorphosed Igneous Rocks 

Odd boulders among these hornfelses are apparently metamorphosed 
igneous rocks. An example, 6965, is a fine-grained green rock com¬ 
posed of albite. fibrous green hornblende associated with small plates of 
biotite, and subordinate quartz and iron ore. Similar rocks from Mt. 
William classed as ‘epidiorite’ are metamorphosed basic lavas, and this 
rock is therefore grouped with them. The rocks of the other boulders 
consist of prismatic albite, fibrous tremolite-actinolite, quartz and iron 
ore, and, while definitely igneous in origin, little more can be deduced 
from them. 

Ordovician 

The rocks to the west of the Cambrian belt are closely folded sand¬ 
stones, shales and slates with predominating westerly dips, so that higher 
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horizons appear in that direction and form the eastern limb of a ‘brachy- 
synclinoriunT centred around Redesdale and Baynton about ten miles 
to the west (Thomas (26)). 

Abutting against the Heathcote Fault is a belt of unfossiliferous 
argillaceous rocks which are succeeded to the west by a thick sequence 
of argillaceous sandstones belonging to the Lancefieldian stage of the 
Lower Ordovician. At the western edge of the area these in turn are 
overlain by the normal Ordovician succession of interbedded sandstones, 
shales and slates. 

An abrupt change of facies occurs within the belt of argillaceous rocks 
just north of the fourth gully from Tooborac. To the north of this gully 
the rocks consist of normal westerly dipping shales and arenaceous shales 
similar to those found throughout the Victorian Lower Ordovician. This 
formation can be traced northwards to Heathcote, where Thomas (25) 
believes them to be sheared Ordovician sandstones. In the parish of 
Tooborac, however, there is no evidence to justify this view for, although 
shearing has occurred in the immediate neighbourhood of the fault plane 
and slaty cleavage is strongly developed in the finer-grained rocks, the 
bedding of the rocks is clearly defined and shows no sign of disruption. 

The strike of these shales is slightly oblique to the Heathcote Fault, 
thus exposing older beds towards the northern end of the area. The 
relation of the shales to the overlying sandstones appears to be a strictly 
conformable one. 

To the south of the fourth gully the rocks are thinly bedded unfos¬ 
siliferous shales and cherty shales about 1,000 ft. in thickness and 
having a high westerly dip with little or no minor folding. As with the 
northern shales there is apparently no discordance between these beds 
and the sandstones to the west. In weathered outcrops they have been 
altered by secondary silicification to light-coloured cherts. Along Mclvor 
Creek they have also suffered contact metamorphism to tremolite-biotite- 
cordierite hornfels, a rock type not hitherto recorded from any Victorian 
contact zone in Ordovician rocks. This feature suggests original chemi¬ 
cal differences between these rocks and the normal Ordovician shales, 
which may be due to the presence in the former of a proportion of 
pyroclastic material. 

This formation is very similar lithologically to the unfossiliferous 
cherts and shales of the Upper Cambrian Goldie Series at Lancefield. 
However, in the absence of fossil evidence, any such correlation is very 
dubious. An alternative view is that it represents a higher horizon in 
the Lancefield stage of the Lower Ordovician, where cherty rocks are 
known to exist (personal communication from Dr. Thomas). 

The change of facies at the fourth gully, which occurs significantly at 
the tear fault offsetting the Cambrian belt, seems to be too abrupt to be 
caused simply by lateral variation in facies. It therefore appears probable 
that the two formations are not equivalent, in which case the southern 
cherty shales, doubtfully correlated with the Goldie Series, must be 
separated from the normal Ordovician rocks to the west by a bedded 
fault which would pass undetected during any surface survey. 

On fossil evidence collected by Thomas (23) at Heathcote both the 
shales north of the break and the overlying sandstones may be correlated 
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with portion of the Lancefieldian stage at the base of the Lower 
Ordovician. 

The two thin strips of black slates faulted into the Cambrian belt may 
be Upper Ordovician in age, by analogy with similar occurrences at 
Heathcote and Mt. Camel. However, they are very badly sheared and 
silicified, and as no graptolites have been found in them their age remains 
in doubt. 

Metamorphosed Ordovician 

Cordierite hornfelses derived from the metamorphosed Ordovician 
argillaceous sandstones constitute the greater part of the aureole of the 
Cobaw granite to the south-west of Tooborac and form a typical example 
of the normal contact alteration of argillaceous rocks such as has been 
described in Victorian rocks by Tattam (22) and Edwards and Baker 
(9). The hornfelses derived from the formation of cherty shales have 
not been previously recorded from Victoria and will be dealt with 
separately. 

Metamorphosed Shales 

These rocks outcrop immediately to the west of the Cambrian tremo- 
lite hornfelses described above. As with the Cambrian rocks, they are 
not found in the inner contact zone, and the highest grade is developed 
immediately west of Tooborac near Mclvor Creek. 

The unaltered sediments are very fine-grained aggregates of sericite, 
a pale brown mica, and smaller amounts of quartz and iron ore dust. 
The cherty rocks consist of very fine-grained quartz with a little dusty 
iron ore but no sericite. Carbonaceous matter may be present in both 
types. 

The sericitic rocks have been metamorphosed to biotite-pinite horn¬ 
felses in which the poikiloblastic cordierite has been subsequently altered 
to pale yellow pinite and flakes of sericite. The remaining minerals are 
quartz, sericite, fine biotite and iron ore. 

The cherty shales first develop needles of tremolite or green horn¬ 
blende, the groundmass remaining very fine-grained but with the 
addition of incipient crystals of pale brown biotite and pyrite. In a 
later stage, cordierite appears as poikiloblasts together with fine-grained 
biotite. Quartz is still fine-grained, while the tremolite needles have 
grown in size. The highest grade rocks consist of pools of poikiloblastic 
cordierite, clots of fine-grained brown biotite and radial groups of tremo¬ 
lite needles with a little quartz and pyrite (6966). The amphibole in 
these rocks belongs to the tremolite group and is a colourless prismatic 
mineral showing a typical amphibole cross-section, refractive indices 
(X L629, Y = 1*646, Z = 1*654), and a very low extinction angle 
except in sections perpendicular to Y which extinguish at up to 13°. 

Metamophosed Argillaceous Sandstone 

The rocks of the sandstone belt are predominantly argillaceous sand¬ 
stones consisting of grains of quartz, with lesser amounts of orthoclase, 
plagioclase-oligoclase Ab 75 and andesine Ab 65 - 70 , biotite, and white 
mica, in a matrix of fine quartz, chlorite, sericitic material, dusty iron 
ore, and detrital apatite, zircon and tourmaline. Small fragments of 
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reef quartz and chert are rarely present. The finer-grained argillaceous 
rocks consist of varying proportions of quartz, chlorite, sericite and iron 
ore. 

Initial Stage of Alteration. The course of metamorphism is the same 
in each case and the final products are distinguished only by the propor¬ 
tion of quartz present. The first signs of alteration are induration of the 
sediments and increase in the amount of secondary sericite and a pale 
green mica, which tend to segregate into rounded patches appearing as 
spots in the hand specimen. Small fibrous crystals of pale green fibrous 
chlorite are also present. With further recrystallization the white mica 
flakes increase in size and become the dominant constituent, while the 
remainder of the rock is made up of chlorite, quartz, iron ore, and a 
pale yellow mica which is apparently the first stage in the development 
of biotite. 

Stage of Biotite Development. Nearer to the contact, biotite appears 
as small yellow-brown plates scattered among the flakes of white mica. 
It increases in size towards the contact and quickly assumes the dark 
red-brown colour characteristic of hornfelses. Quartz shows little change 
and is still strained, while original orthoclase is present and unaltered. 
The iron occurs as small grains often as centres for the formation of 
biotite. 

Stage of Cordierite Development. The entry of cordierite into the 
hornfelses marks the complete reconstitution of the sediments. The 
cordierite hornfelses are dense bluish rocks which usually, but not 
always, occur close to a visible contact with granitic rocks. Bedding 
is still evident in weathered boulders which occasionally show ptygmatic 
folding, proving that these cordierite hornfelses were plastic during their 
formation. Cordierite first appears as poikiloblastic pools containing 
numerous small inclusions of quartz, biotite, and iron ore dust. In the 
highest grade rocks it becomes clear and granoblastic, with occasional 
six-fold twinning, but it is usually partly altered to a yellow isotropic 
material. In some rocks cordierite has altered retrogressively to pale 
green pinite. Besides cordierite, these hornfelses contain abundant 
quartz, biotite, muscovite, alkali felspar, rare oligoclase, and accessory 
iron ore, apatite, zircon, and brown tourmaline. Quartz has recrystal¬ 
lized and shows no strain effects. Very fine-grained alkali felspar 
occurs in the high-grade cordierite hornfelses and is characterised by 
the presence of exceedingly fine exsolution lamellae. In the lower grade 
rocks, corroded orthoclase is present but is soon completely resorbed, 
while crystals of oligoclase are rarely seen. The iron ore occurs as 
scattered grains, and some sections contain occasional grains of pyrite 
and native copper. 

Granitized Hornfels. At a few places along the contact granitic 
material has been introduced into the cordierite hornfels as irregular 
veins of quartz, perthite, andesine Ab 65 and biotite, which penetrate and 
merge into the surrounding hornfels (PI. XII, fig. 2). Small porphyro- 
blasts of quartz and perthitic orthoclase have also developed within the 
hornfels in the vicinity of these veins. 
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Quartzites. By increase in the amount of quartz the hornfelses may 
approach quartzites in composition when the rocks consist of a mosaic 
of interlocking quartz crystals with interstitial biotite and cordierite. 
One section from the junction of siliceous hornfels and an aplite vein 
shows the introduction of perthitic orthoclase and altered tourmaline 
between the quartz grains. 

The hornfelses are all of the free-silica, non-calcic type, and, as 
indicated by the high sericite content of the unaltered sediments, are 
relatively high in potash. This would account for the presence of 
muscovite and, more especially, orthoclase in the cordierite rocks. As 
shown by Tilley (27), potash felspar may occur in the highest grades, 
being derived at the expense of biotite during the formation of cordierite. 

The possibility of orthoclase being introduced from the granite magma 
must not be overlooked. Where this has definitely happened, orthoclase 
is porphyroblastic and is accompanied by the introduction of plagioclase, 
biotite, and quartz as well. However, in these hornfelses the orthoclase 
is very fine-grained and plagioclase is virtually absent, which would 
suggest that the orthoclase has formed from materials originally present 
in the sediments and not introduced from the granite. 

Silurian 

To the east of the Cambrian belt the sedimentary rocks are sandstones 
and mudstones of Silurian age, rather more openly folded than the 
Ordovician rocks to the west. They differ lithologically from the Ordo¬ 
vician, the arenaceous rocks being massive sandstones and quartzites, 
often devoid of bedding, and the argillaceous members thinly-bedded 
grey mudstones showing no fissility or development of slaty cleavage. 

The Silurian sequence is divisible lithologically into an upper division 
of dominantly arenaceous facies which forms the southern end of the 
Heathcote Ranges and Tooborac Hill, and a lower, largely argillaceous 
division outcropping in the more open ground to the north and east. 
These mudstones contain thin sandstone horizons which grade vertically 
into mudstones and are too indefinite to be mapped in the field. 

The structure of the Silurian is relatively simple and is admirably 
shown by the upper sandstones. The outcrop of the Heathcote Range 
forms the steeply-dipping westerly limb of a southerly pitching anticline, 
the nose of which has been cut off by the Mclvor Fault. To the east of 
this anticline the sandstones reappear in the ridge of Tooborac Hill, 
where they have been folded into a synclinal structure having a high 
southerly pitch in the north and a low northerly one near the granite 
contact. The structure of the underlying mudstones is complicated by 
the presence of minor drag folds which in the north-east corner of the 
area obscure the main structures. 

The Silurian rocks have been traced into the Parish of Heathcote, 
where they link up with the stratigraphical succession deduced by 
Thomas (25). Of Thomas’s major subdivisions only the middle two—• 
the Dargile and Mclvor Groups—outcrop in the Tooborac district, but 
within these all his subdivisions have been recognized, as follows: 
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Division 


Mclvor Group 


Dargile Group 


The oldest exposed beds, a series of thinly-bedded unfossiliferous 
mudstones and intercalated sandstones, outcrop in the north-east corner 
of the area and may be correlated with Thomas’s Lower Dargile Mud¬ 
stones. These are overlain by a sandstone horizon containing starfish, 
small crinoids, and indeterminate brachiopods at locality F3, which in 
turn grades up into thinly-bedded grey mudstones with subordinate 
sandstone bands. In the Parish of Heathcote Thomas has found two 
graptolite horizons within these mudstones belonging to the zone of 
Monograptus nilssoni , but as yet only M . bo he mucus has been collected 
from this horizon at Tooborac—F2. The graptolite mudstones also con¬ 
tain shelly fossils including Palaeoncilo sp., Nucula sp., Bellerophon sp., 
and Dalnmiites sp. from locality FI. The thickness of all these mud¬ 
stones is about 5,000 ft., making the thickness of the Dargile Group 
about 6,000 ft. 

At the top of the graptolite beds the rocks become arenaceous and 
grade upwards into the Dargile Sandstone, a prominent horizon of fine¬ 
grained sandstones and quartzites about 700 ft. thick. It is poorly 
fossiliferous and at Tooborac has yielded only a few indeterminate 
brachiopods and crinoid ossicles at locality F4. The topmost hundred 
feet of the Dargile Sandstone is a massive quartzite which is useful as 
a marker bed and is abruptly overlain by the Encrinurus Mudstone, 400 
ft. in thickness, containing Chonetes cf. melbournensis and Encrinurus 
sp. The Encrinurus Mudstone is very rarely exposed, being usually 
obscured by hill wash from the overlying sandstones. As a result the 
boundaries of this formation on the geological map are somewhat 

generalized. . 

The Dargile Sandstone heralds the change to an arenaceous facies 
which is represented at Tooborac by the Mclvor Group. 

McIvor Group 

The Mclvor Group of massive sandstones and quartzites, about 5,000 
ft. in thickness, is richly fossiliferous and is characterised by the abun¬ 
dance of ‘Camarotoechia! spp. (The generic position of these^ brachio¬ 
pods is still uncertain.) The three-fold subdivision into lower ' Camaro¬ 
toechia 3 beds, a median pelecypod band, and upper ‘Camarotoechia 
beds recognized by Thomas is readily apparent in the field, but was 


O. P. Singleton: 

Subdivision Thickness 

3. Upper ‘Camarotoechia Beds I 

2. Pelecypod Band r 5,000 ft. 

1 . Low r er ' Camarotoechia* Beds J approx. 

4. Encrinurus Mudstone 

3. Dargile Sandstone s 6,000 ft. 

2. Graptolite Mudstones approx. 

1. Lower Dargile Mudstones 


Dargile Group 
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found impracticable to map. The species of ‘Canmrotoechia’ in the 
upper beds is larger than that in the lower beds and has fewer plications. 
The median pelecypod band is a massive blue quartzite well-exposed 
in some of the railway cuttings (F5) north of Tooborac, where it 
contains Grammysia cruciformis, Leptodomns hcathcoticnsis and inde¬ 
terminate gasteropoda. The Mclvor Group is the youngest horizon 
occurring in the Tooborac district and members of the Mt. Ida Group 
of Yeringian age are not represented. 

Owing to the paucity of detailed palaeontological work on the Vic¬ 
torian Siluro-Devonian faunas, exact stratigraphic correlation witli other 
sequences is not possible. However, the graptolite beds of the Dargile 
Group can definitely be correlated with the Melbournian Stage (Lower 
Ludlow) and the Mt. Ida Group overlying the Mclvor Group and 
containing Pleurodictyum megastommn and spirifericls allied to Spirifer 
lilydalensis with the Yeringian Stage (Lower Devonian). It therefore 
appears that the Tooborac Silurian succession covers the greater part of 
the Upper Silurian. 

The contact between Silurian and granite is obscured by alluvial fans 
at the foot of Tooborac Hill, and the metamorphic rocks which are 
exposed are quartzites derived from the very pure sandstones of the 
Mclvor Group. 


Granitic Rocks 

The country to the south between Tooborac and Mt. William is 
occupied by the Cobaw granitic massif, an oval-shaped body about 200 
square miles in area. It is a compound batholith of the high-level 
discordant type characteristic of the epi-Devonian intrusions of Central 
Victoria. 

At least two major phases are present, with less important hypabyssal 
modifications occurring outside the main intrusion between Tooborac 
and Hayes Hill. The core of the batholith is a medium-grained grano- 
diorite closely resembling the Harcourt rock, surrounded by a younger 
annular intrusion of coarser-grained granite up to two miles in width. 
This granite is characterised by the presence of tabular orthoclase 
perthite crystals which are oriented in vertical flow layers parallel to 
the boundaries of the ring intrusion. G. Baker (2) has recorded this 
rock from Baynton, Pyalong, Mt. William and Big Hill, Lancefield, all 
on the periphery of the batholith, and it also occurs near the western 
margin at Kyneton and Sutton Grange. 

The hypabyssal rocks outcrop as a series of dykes and apophyses in 
the ‘fracture-zone’ within the metamorphic aureole of the main intrusion. 
The oldest and most important of these is an arcuate dyke of hypers- 
thene porphyrite four miles long and up to three-quarters of a mile wide, 
with associated smaller apophyses. This rock is very similar petro- 
logically to some members of the hypersthene dacite suite of Central 
Victoria, notably the hypersthene dacite of Mt. Macedon, twenty-four 
miles to the south-west—Skeats and Summers (21). It is noteworthy 
that this is the first recorded occurrence of a member of this suite 
forming an intrusive body of any size. 
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Parallel to the hypersthene porphyrite and between it and the granite 
contact is a smaller dyke of medium-grained granite which at its western 
end grades imperceptibly into the coarse granite and in the east invades 
an older body of micro-granodiorite. Scattered throughout this complex 
are small dykes, apophyses and veins of quartz diorite, aplite, and peg¬ 
matite. Meridional porphyry dykes occur in the Ordovician, especially 
to the west near Baynton, and quartz reefs are common both in the 
metamorphic aureole and in the basement rocks to the north. These 
quartz reefs are the source rocks of the alluvial gold of the old Pleathcote 
goldfield. 

The outer contact of the batholith is very sharp and even. The 
country rocks are normally quite undisturbed right up to the contact 
and, except in the ‘fracture-zone’, are free from veining by the granite. 



Fig. 3.—Geological map of the area between Mclvor Creek and the Sugarloaf. 


As mentioned above, some of the cordierite hornfelses show slight 
ptygmatic folding due to the softening of the rock during their recrystal¬ 
lization. In the ‘fracture-zone’ the sediments have been veined by 
medium-grained granite intruding along bedding and joint planes. This 
is particularly noticeable at Chinaman’s Hill, where the network of veins 
resembles a stockwerk. By contrast the granite itself is remarkably free 
from inclusions of country rock, whereas the granodiorite forming the 
core of the intrusion contains numerous reconstituted xenoliths. This 
lends support to the view that the granodiorite is the older rock. 

The inner contact between granite and granodiorite is also remarkably 
regular. The absence of veins and inclusions of one rock in the other 
has made the determination of their relative ages difficult. However, 
there is a gradational zone between the two types which may be up to 
ten feet wide. In this zone the orthoclase crystals are seen to grow in 
size towards the granite but are not oriented as are those in the granite. 
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This suggests that they have grown in place in the granodiorite from 
material supplied by the granite magma. Hence the granite is thought 
to have been intruded along the outer edge of the granodiorite soon after 
the latter had consolidated, but before the development of jointing. 

Of the dyke rocks the hypersthene porphyrites are the oldest, having 
been intruded by both granite and microgranodiorite. The micrograno- 
diorite has also been extensively veined by medium-grained granite, but 
evidence of the relative age of it and the granodiorite is unfortunately 
lacking. The sequence of intrusion therefore appears to have been: 

5. Aplite, etc. 

4. Granite. 

3. Granodiorite. 

2. Microgranodiorite. 

1. Hypersthene Porphyrite. 

This follows the normal trend towards increased acidity with the 
usual variations between felsic and mafic constituents shown very well 
by micrometric analyses and heavy mineral indices. 


Mineral 

Micrometric Analyses 
Micrograno- Grano- 

Coarse 

Medium 

diorite 

diorite 

Granite 

Granite 

Quartz 

15*5 

30-5 

42-3 

42-8 

Orthoclase 

10-5 

25*8 

31 8 

341 

Plagioclase 

50-9 

34*1 

17-6 

17-8 

Biotite 

19 9 

8-6 

6-6 

3*7 

Muscovite 

— 

— 

— 

— 

Hornblende 

3-3 

•7 

— 

1*5 

Garnet 

— 

— 

— 

Accessories 

•1 

•3 

• 3 

6*0 

Heavy Mineral Index 

14-8 

121 

8-5 


Hypersthene Porphyrite 

The intrusion of the hypersthene porphyrite dykes marked the first 
episode in the irruptive cycle. The main dyke was apparently intruded 
along a fracture developed in the roof of the rising magma chamber 
close to its margin. Its contacts are quite normal and show no disruption 
of the Ordovician rocks, while its metamorphic effects are negligible. 
The sediments on the northern side are not metamorphosed to any 
appreciable extent, while those on the southern side lie well within the 
metamorphic aureole of the granite. 

The smaller bodies to the north-east of the main mass are undoubtedly 
connected with it in depth, and the abundance of inclusions of country 
rock in them suggests that they represent the ‘leading end’ of the 
intrusion. Smaller dykes occur nearer to the coarse granite, and in a 
number of cases appear to have been injected along minor shear faults 
in the batholithic roof, for there is noticeable drag in the sediments at 
their contacts. No evidence has been found to indicate the direction of 
inclination of these dykes. 

The whole of the porphyrite series has been metamorphosed to a 
greater or less degree. As with the sediments, the higher grade meta¬ 
morphic rocks usually occur nearest to a granite contact, but again there 
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is a marked patchiness in the aureole. The course of metamorphism is 
practically the same as that described by Edwards (8) from the dacite- 
granodiorite contact at Warburton, but the textural stages recognized 
by him are not always distinguishable. Schistose rocks which are 
characteristic of the Warburton contact are not as well developed and 
are usually found close to contacts with either igneous or sedimentary 
rocks. The schistosity is a metamorphic effect and not caused by 
primary flow structures. The rocks undergoing metamorphism have 
been softened to a pasty condition in which small movements have 
sufficed to produce a well marked schistosity. In the metamorphosed 
agglomerate rocks the inclusions have been drawn out into long streaks 
by this movement while small quartz veins cutting the rocks have under¬ 
gone ptygmatic folding. 

The nearest approach to the original unmetamorphosed porphyrite 
is a bluish-grey rock with a fine porphyritic texture showing small 
phenocrysts of felspar, up to 5 mm. across, and hypersthene set in an 
aphanitic base. In thin section it consists of a calcic andesine Ab 50 -(5o, 
hypersthene, and rarely quartz, together with clots of secondary biotite, 
in a fine-grained groundmass of quartz, orthoclase and biotite, with 
larger crystals of plagioclase, ilmenite, apatite, zircon, and rarely pyrite. 

The andesine phenocrysts are mostly rounded fracture fragments of 
larger crystals which are strongly zoned and twinned on the Carlsbad, 
albite, and pericline laws. They are often veined and coated with a thin 
film of oligoclase Ab 80 (PI. XI, fig. 4). The hypersthene is strongly 
pleochroic and sometimes contains minute inclusions of biotite and 
ilmenite. It is usually surrounded by rims of secondary biotite (X straw- 
yellow, Y, Z dark brown), associated coarser quartz, and rarely pale 
green hornblende (PI. XI, fig. 3). Edwards (8) has noted these biotite 
rims even in unmetamorphosed hypersthene dacites caused by reaction 
between hypersthene and orthoclase. Larger biotite aggregates also 
surround ilmenite and pyrite grains (PI. XII, fig. 1) and contain well 
formed apatite crystals. The groundmass biotite is also the pale yellow 
variety and is often chloritized, while occasional muscovite flakes are 
developed close to the andesine phenocrysts. 

In a minor modification of the porphyrite primary biotite phenocrysts 
take the place of the hypersthene. These contain abundant iron ore dust 
and rutile needles and are surrounded by thin rims of pale secondary 
biotite and occasional muscovite flakes. 

Contact Metamorphosed Hypersthene Porphyrite 

Spotted Stage. The only difference to be seen in the hand specimen 
is the replacement of hypersthene by clots of biotite. In thin section the 
groundmass has become patchy and dirty through the presence of iron 
ore dust, while the plagioclase phenocrysts tend to aggregate, often with 
the biotite clots. Muscovite flakes are often present in these felspars, 
which are rather fractured and altered to a brown isotropic material, 
usually from the core outwards. Their composition is slightly more 
sodic Abeo-es, while the rims and veins of oligoclase are wider. The 
hypersthene has been completely replaced by flakes and structureless 
clots of yellow to dark brown biotite with associated apatite and ilmenite 
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crystals. Very small amounts of green hornblende may occur in these 
aggregates and in the straw zones surrounding them. Ragged primary 
biotite is also occasionally present, surrounded by secondary paler biotite 
flakes. 

The groundmass is still fine-grained, but in some rocks intergrowths 
of quartz and felspar have developed. In one slide secondary biotite is 
a pale reddish-brown colour and the groundmass is coarser-grained. 
Pyrite has been introduced along fractures and cleavages and this 
increase in iron may account for the change in the biotite. 

Stage 2. These rocks are a lighter grey colour, with a fine granular 
groundmass and a schistose or granoblastic texture. The schistose rocks 
occur near the edge of the dykes and their texture is caused by orienta¬ 
tion of the biotite flakes. The plagioclase crystals are grouped together 
with associated granular quartz. They range from acid andesine Ab G5 
to oligoclase Ab 75 , and the rims and veinlets of oligoclase Ab 80 are wider 
and more numerous. The biotite aggregates are more scattered and 
individual flakes are larger and fewer in number. Green hornblende (X 
pale yellow-green, Y olive-green, Z deep-green), apatite, and sphene are 
associated with these clots, but ilmenite is almost absent. The ground- 
mass is coarser-grained and consists of quartz, oligoclase, orthoclase 
and biotite. In some sections the groundmass is an intergrowth of quartz 
and felspar with scattered biotite. 

Stage 3. The igneous texture of the porphyrites has now been 
completely obliterated, the products being fine-grained schistose or 
granoblastic rocks, containing porphyroblasts of jacketed plagioclase 
with cores varying from acid andesine Abes to basic oligoclase Ab 7 o. 
The surrounding rims of acid oligoclase Ab 80 have sharp junctions with 
the cores, and contain small blebs of quartz and biotite. The biotite clots 
are composed of a few well-formed flakes of a more reddish variety 
(X pale-yellow, Y, Z dark reddish-brown). Large corroded pink 
garnets occur in a slide from near the granite contact at Hayes Hill. 
The granular groundmass consists of quartz, oligoclase, orthoclase and 
biotite, with accessory ilmenite, corroded apatite, zircon, and sometimes 
tourmaline and green hornblende. 

Inclusions. Inclusions of altered shales and quartzites are abundant 
in the more agglomeratic porphyrites belonging to stages 2 and 3. In 
the schistose rocks the argillaceous inclusions have been drawn out into 
thin lenticles but the quartzite ones remain as small rounded pebbles. 
One inclusion has been offset along a fracture plane which has since 
healed during the metamorphism. 

The shale inclusions have recrystallized to a fine-grained aggregate of 
quartz, orthoclase, oligoclase Ab 7 2 , and red-brown biotite with accessory 
apatite and zircon, but no iron ore. In other inclusions flakes of pale 
green pinite are abundant. The quartzite inclusions consist of rounded 
and interlocking quartz grains with interstitial fine quartz, orthoclase, 
brown biotite, sericite, brown to blue tourmaline and waterworn zircon 
and apatite. 

Granitized Rock. In the vicinity of a small outcrop of aplitic granite 
the schistose rocks have been granitized to a rather coarser-grained rock 
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showing the introduction of orthoclase crystals up to 2 mm. long and 
smaller amounts of quartz, oligoclase Ab 7 2) and biotite. The andesine 
Abeo cores of the original plagioclase are largely altered to a yellow 
isotropic material and the rims Ab 7 o -75 are also rather dirty. The intro¬ 
duced orthoclase is sometimes perthitic and intergrown with quartz. 
Pink garnet is scattered through the rock with accessory apatite, zircon 
and iron ore. 

Microgranodiorite 

The microgranodiorite outcrops as a small arcuate intrusion one mile 
long and up to a quarter of a mile wide and is a uniformly fine-grained 
rock with occasional phenocrysts of prismatic hornblende about half an 
inch long. Numerous veins of medium-grained granite traverse the 
microgranodiorite, often along joint planes, and towards the western end 
of the intrusion almost completely replace it. Xenoliths are uncommon 
in the microgranodiorite. 

In thin section it contains abundant zoned plagioclase Abr, 5-85 and 
biotite, with lesser amounts of orthoclase, quartz and green hornblende, 
and accessory iron ore, zircon, apatite, sphene and orthite. Small blebs 
of myrmekite occur interstitially, while orthoclase perthite is rarely 
present as large poikiliths containing hornblende, biotite and abundant 
apatite needles. Hornblende is subordinate to biotite and often crys¬ 
tallizes second. Rare aggregates of a colourless fibrous amphibole are 
secondary after an earlier mineral, possibly a pyroxene. 

Granodiorite 

The granodiorite is a medium-grained equigranular grey rock con¬ 
sisting of quartz, zoned andesine-oligoclase Ab 6 5 - 80 , orthoclase micro- 
perthite, biotite and small amounts of corroded hornblende, with 
accessory apatite, iron ore, zircon and sphene. Microperthite is the last 
major constituent to crystallize and the perthite lamellae take the form 
of fine parallel threads and thin veins. Where plagioclase and orthoclase 
are in contact a rim of acid oligoclase Ab 89 containing fine myrmekitic 
quartz has formed within the plagioclase crystal and the quartz is 
oriented across this rim. 

Granite 

The main granite is a rather coarse-grained grey rock consisting of 
tabular orthoclase microperthite crystals up to an inch long, quartz, 
zoned oligoclase Ab 75 - 8 5 , biotite, and occasional muscovite flakes, with 
accessory iron ore, apatite, and zircon. The perthite crystals have ragged 
margins, having crystallized later than the other minerals, and are 
characteristically twinned on the Carlsbad law. The perthite lamellae 
are predominantly of the vein type but occasionally fine exsolution 
threads are present. The vein lamellae are acid oligoclase Ab 80 -s 5 and 
show fine albite twinning. Crystals of oligoclase included in the perthite 
are jacketed with thin rims of exsolved acid oligoclase Ab 8 5 of the same 
composition as the surrounding vein lamellae, and where they are 
optically parallel to the perthite the twin lamellae of the plagioclase 
project into the host and grade into the normal exsolution veins. The 
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cores of the oligoclase crystals also contain blebs of orthoclase in optical 
continuity, with the host forming a replacement antiperthite. 

The granite dyke and associated veins and apophyses are finer-grained 
than the main intrusion, but are similar mineralogically, with rather less 
biotite and the addition of pink garnet in small pools intergrown with 
quartz. Tabular perthite crystals are absent, so that no flow structures 
are apparent. 

Quartz Diorites 

Two distinct types of quartz diorite have been found in the area, 
one a fine-grained hornblendic rock associated with the hypersthene 
porphyrites and the other a medium-grained rock possibly derived from 
the granite magma by contamination. The first occurs in a small pocket 
on the edge of a mass of porphyrite and consists of quartz, andesine- 
oligoclase Ab 60 - 75 , hornblende, and chloritized biotite, with accessory 
iron ore, apatite, sphene, and calcite. Some hornblende clots contain 
cores of a corroded colourless pyroxene with a high extinction angle, 
possibly diopside. 

The second dioritic mass is a small isolated apophysis in the Ordo¬ 
vician hornfelses surrounded by a zone of diopside-bearing rocks. It 
is a medium-grained granitic rock containing quartz, andesine Ab 53 , 
orthoclase, biotite and hornblende, with accessory magnetite, apatite and 
zircon. It is obviously related to the granitic rocks and its high heavy 
mineral index (34-8) suggests that it is the product of contamination 
by fairly basic rocks. 

Quartz Porphyries 

The northerly trending dykes in the Ordovician rocks are quartz 
porphyries with variable textures. The most important occur outside 
the area to the west near Baynton, where one dyke is at least five miles 
long. The porphyritic types contain phenocrysts of quartz, orthoclase, 
and rarely oligoclase Ab 8 5 in a base of the same minerals, biotite and 
sericite. The fine-grained rocks approach aplites in texture but are 
similar mineralogically to the porphyries. 

Aplites 

Small dykes and veins of aplite are found throughout the ‘fracture 
zone’ and occasionally along the contact of the main granite. They 
contain quartz, abundant orthoclase and orthoclase microperthite, less 
oligoclase Ab 70 - 7 5 , muscovite and biotite. Quartz-garnet pools may be 
present, associated with green biotite. Biotite is scarce and usually a 
green variety, while muscovite is both primary and secondary after 
orthoclase. 

Pegmatites 

Pegmatitic veins are not at all common and are not particularly coarse 
rocks, the felspars being about one inch long. They are composed of 
graphic intergrowths of quartz and orthoclase perthite, subordinate 
oligoclase Ab 75 , and small amounts of biotite, tourmaline and apatite. 
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Petrogenesis 

On the field evidence available there appears to be no reason to doubt 
the view that the granitic rocks have originated by direct crystallization 
of fluid magma intruded from below by the recognized processes of 
stoping and perhaps cauldron subsidence. 1 his is in agreement with 
the widely accepted theories of origin of the small high-level granitic 
intrusions and is supported by the conclusions arrived at by workers 
on other Central Victorian granites. In many of these intrusions, e.g., 
Mt. Macedon, Dandenong Ranges, Marysville, partial collapse of the 
batholithic roof has allowed large volumes of magma to be extruded at 
the surface, consolidating as hypersthene dacites. 

The contact of the Cohaw granite is a typical transgressive one with 
normal contact metamorphic rocks occurring right up to the junction. 
The effects of granitization have been noted only in isolated localities and 
are then on a very small scale. The presence of a granite rim with few 
inclusions between the country rock and the granodiorite, containing 
relatively abundant inclusions, is also evidence against any theory of 
granitization by which xenoliths would be more common nearer to the 
contacts of the intrusion. As stated above, the granite has apparently 
been intruded around the granodiorite as a ring intrusion soon after the 
consolidation of the latter. The gradational zone between the two is 
explained by the introduction of material from the granite magma into 
the granodiorite. 

The abundance of ramifying granitic veins in parts of the ' fracture 
zone’ are indicative of a fluid magma and the occurrence of a sedimentary 
zenolith in one of these veins, itself intruding microgranodiorite, 
certainly only explicable in terms of a fluid magma. 

The origin and composition of the parent magma is quite outside the 
scope of this paper, while the field evidence, which indicates the normal 
trend towards increased acidity, is insufficient to determine the relative 
importance of the processes of differentiation and assimilation in the 
derivation of the various rock types. 

Xenoliths 

Xenoliths are numerous and widely distributed throughout the grano¬ 
diorite but, as mentioned above, are uncommon in the granite. They are 
usually less than one foot across, but larger blocks have been observed. 
All stages in the normal sequence of basification and felspathization can 
be recognized, particularly in the coarse granite, where the xenoliths 
consist of a dark core surrounded by a wide felspathic strew zone. 

Xenoliths in the medium-grained granite have suffered little alteration 
and are very similar to the rocks of the metamorphic aureole. However, 
those in the coarse granite and granodiorite which have been acted on 
by the magma for a longer time, probably at a higher temperature, have 
been completely reconstituted through recrystallization and interchange 
of material with the magma. 

Three distinct groups can be recognized according to their minera- 
logical composition: 

1. Types rich in alumina derived from the sedimentary hornfelses; 
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2. Quartz-plagioclase-biotite rocks derived from the porphyrites; 
and 

3. Hornblende-bearing types of no proven origin. 

The less altered xenoliths of group 1 are very similar to the Ordovician 
cordierite hornfelses, but the cordierite has altered to pinite and oligo- 
clase Ab 70 -75 has been introduced. With further recrystallization, silica 
and potash are removed by the magma and minerals rich in alumina, 
such as corundum, spinel and sillimanite, appear. Cordierite occurs as 
tabular poikiloblasts including these minerals and often showing later 
alteration to pinite. The other minerals present are quartz, reddish- 
brown biotite and oligoclase. One such basified rock is cut by a vein of 
orthoclase with small amounts of quartz, chlorite, sphene and calcite. 

Xenoliths belonging to group 2 are rare and confined to the granite. 
They are characterized by the occurrence of jacketed andesine Ab 6 5 - 7 o 
and clots of ragged biotite, and the absence of hornblende. The other 
minerals are quartz, subordinate orthoclase, ilmenite, apatite and zircon. 
Many of the biotite flakes are deformed and some andesine crystals have 
been granulated and inshot with fine quartz. The texture and mineralogy 
of these inclusions strongly supports their derivation from the meta¬ 
morphosed hvpersthene porphyrites. 

The great majority of the inclusions belong to group 3 and are fairly 
basic lime-rich felspathized types characterized by an abundance of 
hornblende and to a lesser extent diopside. Those in the granodiorite 
have been well granitized and consist of quartz, andesine-oligoclase 
Ab 65 - 7 o, green hornblende, biotite, diopside, apatite needles, zircon, 
sphene and rare iron ore. Quartz is usually last to crystallize, but one 
slide shows large orthoclase porphyroblasts enclosing the other minerals. 
An inclusion from the granite has a strew zone of similar composition 
surrounding a core of plagioclase, quartz, and biotite, with large 
poikiloblasts of albite perthite Abo 8 containing small resorbed grains of 
biotite, diopside and iron ore. Inclusions of this class showing little or 
no alteration have not been found, so their origin cannot be determined 
with any certainty. They may, however, be derived from the Cambrian 
igneous rocks. 


Diopside-bearing Rocks 

An association of massive diopside-bearing rocks occurs within the 
metamorphic aureole as thin lenticular bodies outcropping along the 
boundaries of the various rock types, usually between the Ordovician 
hornfelses and one of the igneous rocks. They are fine-grained white 
rocks composed essentially of quartz, diopside and labradorite, in 
varying proportions, with or without green hornblende, wollastonite, 
Pprehnite, iron ore, sphene and apatite. A dark green variant contains 
hornblende in excess of diopside, due probably to the local concentration 
of solutions. 

The textures of these rocks are definitely metamorphic and vary from 
fine-grained granular rocks to coarser crystalline types in which inter¬ 
penetration of the minerals is a common feature. The finer-grained rocks 
contain fine granular diopside in a base of quartz, plagioclase and iron 
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ore (PL XII, fig. 3), but in some cases coarser-grained quartz is present 
with interstitial diopside and plagioclase. One such rock at a junction 
with hornfels provides the only evidence available of the origin of the 
suite. The unaltered hornfels consists of strained quartz in a base of 
biotite, cordierite and iron ore. Across the junction biotite becomes 
replaced first by actinolite and then diopside, plagioclase enters, cor¬ 
dierite is largely altered and sphene replaces ilmenite. The quartz grains 
become more scattered but are quite unchanged. 

The coarser rocks are more variable in composition. Labradorite and 
diopside are coarser, but quartz is still unaltered. One rock contains 
wollastonite (X = 1*621, Y = 1628, Z = 1631) and another a 
mineral agreeing optically with the Pprehnite described by Tattam (27) 
from the metamorphic aureole of the Bulla granodiorite, and showing 
traces of the bow-tie structure typical of prehnite. The same rock con¬ 
tains an unidentified pinkish mineral of low refractive index (below 
balsam) with numerous needle-like inclusions. 

Quartz is less common in the hornblendic rocks and has recrystallized, 
often intergrown with the labradorite. Hornblende is a pale green 
variety containing numerous pleochroic haloes surrounding minute in¬ 
clusions. Fibres of pale orange-brown biotite are very rare. 

The origin of these rocks is open to much speculation, which is not 
helped by the poor field occurrences. Tattam has described similar rocks 
from Bulla occurring as lenses within the cordierite hornfelses and 
thought by him to be metamorphosed calcareous concretions. In the 
present case the diopsidic rocks transect the bedding of the hornfelses 
and are therefore not simply metamorphosed sediments. Their textures 
and mineral assemblages are against their being igneous rocks. They 
are thought to be derived through metasomatism of the hornfelses by 
lime-rich solutions, which is supported by the slide showing a contact 
between the two rocks. The fact that some outcrops lie between two 
igneous masses is not incompatible with this view because small screens 
of hornfels are often present along these contacts. Cordierite and biotite 
have been replaced by lime-bearing minerals, diopside, labradorite and 
hornblende. Ilmenite has altered to sphene. With further introduction 
of lime, wollastonite and ?prehnite have developed. The source of 
the lime-rich solutions is unfortunately not indicated by the evidence 
available. 


The Metamorphic Aureole 

The rocks of the metamorphic aureole of the Cobaw granite have 
been described above under the corresponding source rocks and it is 
appropriate at this stage to discuss briefly the general features of the 
aureole. 

The metamorphic aureole is not particularly wide, except in the 
'fracture zone’, where its width is due to the intimate association of the 
hornfelses and igneous rocks. Outside the 'fracture zone’ the intensity 
of metamorphism does not appear to have been great, since cordierite 
hornfelses are found only as a thin zone right at the granite contact. 
The most important factor in the metamorphism therefore appears to 
have been not the actual temperature, which was not high, but the 
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duration of the heating. In the ‘fracture zone’ the long and complex 
intrusive history has allowed ample time for the metamorphic reactions 
to proceed to completion. The occurrence of minerals such as corundum 
and spinel in xenoliths is due to the removal of silica by the magma and 
not to the temperature of the intrusion. 

The effects of pressure have been negligible but account for slight 
ptygmatic folding of some cordierite hornfelses and the schistosity of the 
metamorphosed porphyrites* 

The composition of the original rocks has played a large role in 
their behaviour during metamorphism. Thus the Cambrian rocks and 
the hypersthene porpliyrite, consisting of more reactive materials, show 
visible alteration long before the more stable sedimentary rocks. The 
role of volatiles, particularly water, is also important in promoting 
reaction among the minerals, and the marked patchiness of the aureole 
may be due in part to the local concentration of aqueous solutions. 
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Description of Plates 

Plate X 

Fig. 1.—Altered tuff containing pseudomorphs of talc after ferromagnesian minerals in a base 
of fine-grained talc. (6967 X50.) 

Fig. 2.—Altered lava showing skeletal actinolite and a veinlet of secondary quartz. (696o 
Fig. 3.—Albite-rich rock showing crystals of clinozoisite (high relief) and quartz (clear), and 
fine-grained quartz-albite intergrowths (speckled grey). (6955 X50.) 

Fig. 4.—Phenocryst of twinned albite in a groundmass of albite and stilpnomelane. (6^45 X4/.; 


Plate XI 


Fig. 1.—Fibres of stilpnomelane in a cherty base. (6963 X50.) r 

Fig. 2.—Tremolite hornfels showing needles of trcmolite partially replacing a crystal of quartz. 

Fig. 3.—Metamorphosed hypersthene porphyrite showing hypersthene and ilmenite crystals being 
replaced by flakes of biotite. (6970 X50.) , . . .. 

Fig 4 —Crystal of andesine jacketed by oligoclase m metamorphosed hypersthene porphyrite. 
(6973 X50.) 

Plate XII 


Fig. 1.—Rim of biotite flakes surrounding a grain of ilmenite in metamorphosed hypersthene 
porphyrite. (6972 XH0.) . . , ,, . , 

Fig. 2.—Quartz-biotite-cordierite hornfels containing porphyroblasts of quartz and andesine. 

Fig. 3.—Fine-grained diopside-bearing rock composed of quartz, diopside and an unidentified 
pink mineral. (6971 X50.) 
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THE SHORE PLATFORMS OF POINT LONSDALE, 

VICTORIA 

By J. T. Jutson, D.Sc., LL.B. 

[Read 14 October 1948] 

Abstract 

Extensive shore platforms stretch from the base of the cliffs on which the 
Point Lonsdale lighthouse stands. They and the rocks of the cliffs are com¬ 
posed of dune limestone which shows much variation in its dip. The platforms 
consequently truncate the rocks and are, therefore, not structural. They are 
covered by every tide and are, consequently, below ordinary high-tide level. They 
are practically horizontal, remarkably smooth, almost entirely free from detritus, 
and terminate by a steep drop to the sloping platform that extends indefinitely 
seaward. They have no ramparts, but have an abrasion ramp. Marine erosion is 
destroying the platforms at their seaward ends and extending their landward ends 
by removal of the cliff face. The platforms are characterized by irregularly 
shaped rock holes which are apparently mainly due to solution. Some portions of 
the chief platform have been isolated from the main mass, and now form ‘islands’ 
in the ocean. 

Contents 

Introduction 

The Rocks Composing the Platforms and Cliffs 

The Coast-line 

The Platforms 

1. Locations and Areas. 

2. Description of the Main Platform. 

(a) The major portion of the main platform. 

(b) The minor port >u of the main platform (i.e., the abrasion 
ramp). 

3. Origin of the Platforms. 

References. 

Introduction 

Point Lonsdale forms the western head of Port Phillip Bay, the great 
indentation of the coast-line of Victoria (Fig. 1). The shore platforms 
at the base of the cliffs which form that headland are the subject matter 
of this paper. The writer is not aware of any previous description of 
these platforms. 

The Rocks Composing the Platforms and Cliffs 

The dune limestone of which the cliffs and platforms are composed 
is made up of varying quantities of silica, in the form of sand grains, 
and of calcium carbonate, in the form of minute fragments of marine 
shells and other marine organisms. It is a wind-blown deposit and 
shows its origin by the frequent and marked changes in the direction 
and amount of the dip of the beds. Since the formation of the dunes, 
there has been a solution and re-deposition of much of the calcareous 
material by means of which the rock as a whole has been considerably 
hardened, but with an unevenness that affects the degree of resistance 
to erosion. The actual surface of the rock is usually harder than the 

105 

H 


106 


J. T. Jutson: 


interior owing-, in many instances, to the greater deposition at the surface 
of the hardening material by capillarity. The rocks are in places pitted 
by the sea and, at higher levels, by the atmosphere. 

From the nature of the rock, pronounced joints are few. 

Excellent rock sections can be seen in the cliffs and below the surface 
of the platform, where that feature has been cut into by the sea. 



MILES 


Fig. 1.— Outline map of the Point Lonsdale district. 

At the top of the cliffs there is usually a band from one to four feet 
thick of travertine, which usually follows the surface contour of the 
cliffs. Below that band the dune limestone is, in places, little more than 
dune sand, and it may be that calcium carbonate has migrated upwards 
from this perhaps originally tougher portion of the limestone to form 
the travertine. 


The Coast-line 

The Point Lonsdale lighthouse stands on rocky cliffs at the junction 
of the ocean and bay. These cliffs extend a very short distance west¬ 
ward on the ocean front, unless hidden by the sand dunes which are 
prominent features of that front. The cliffs run northward along the 
bay with decreasing height until, at about half a mile, they practically 
die out. The average height of the cliffs is probably about 50 feet, but 
no exact measurements have been made by the writer. 

The waves that come from the south or south-west have only a narrow 
shore platform to traverse before reaching the ocean shore, and so they 
strike that shore with considerable force; but to meet the shore just 
inside the bay they have to traverse the extensive shore platform to the 
east of Point Lonsdale, and so their power is considerably lessened. The 
same remark applies to those that come from more to the south-east, in 
which event two sets of waves may meet and tend to neutralize each 
other. 

The southerly portion of that part of the bay cliffs above referred to 
appears, with certain exceptions, to be attacked only occasionally by the 
sea, for the cliffs, from the beach upwards, are covered by vegetation \ 
are not undermined, and have a narrow, low fringe of wind-borne sand 
partly covered with short vegetation. Slight projections, however, from 
these cliffs occur, and these are being undermined by the sea. 
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Along the more northerly portion of that part of the bay cliffs above 
referred to, the sea reaches to the foot of the cliffs at practically every 
high tide, with the result that, in places, they display a ‘nip’ and are 
considerably undermined, the undermining being mainly responsible for 
the falls of huge masses of dune limestone and travertine from the higher 
parts of the cliffs, which in turn delay the action of the sea in further 
attacks on the cliffs. 

A few small stacks of the dune limestone occur in front of the light¬ 
house, resting on one of the platforms the subject matter of this paper. 

(PI. XIII, fig. 1.) 

Some sea walls (stone and wood) and wooden groynes have been 
built inside the bay, and they appear to be effective in checking erosion 
and in building up the beach. 

At Point Lonsdale the range of the spring tides is 5J to 4f feet, and 
of the neap tides 4 feet. This information has been kindly supplied to 
me by Mr. D. Stevenson, Port Officer for Victoria. 

The Platforms 

1. Locations and Areas 

The platforms considered in this paper belong to the class of ‘normal’ 
platforms previously described by the writer (1939, 1940). 

The chief platform is an extensive one and occurs to the west, south, 
east and east-south-east of the cliffs on which the lighthouse stands. A 
few chains west of that edifice the platform becomes discontinuous and 
only narrow exposures occur. 

South, east and east-south-east the average width of the platform is 
about five chains. The eastern portion stretches as a ‘peninsulabetween 
the ocean and the bay for about 11 chains. (PI. XIII, fig. 2.) Farther 
to the east and east-south-east of the ‘peninsula’ are considerable 
remnants (‘islands’ ) of the same platform, thus showing that originally 
there was a continuous platform of great length and of considerable 
width. 

As to the westward of the Point Lonsdale headland, so to the north¬ 
ward of the same feature, the platforms sparsely occur, so that interest 
is centred on the platform in the immediate neighbourhood of that 
headland, and that portion is, in this paper, subsequently referred to for 
convenience as ‘the main platform’. 

2. Description of the Main Platform 

According to the writer’s observations, the platform is completely 
covered by the sea at high-tide twice a day. The surface of the platform 
must therefore be below ordinary high-tide level. 

The platform is not a structural one, since it truncates the various 
beds of dune limestone (PI. XIII, fig. 3). It is divided into two parts: 
(a) the major portion, which is the whole platform except the abrasion 
ramp; and (b) the minor portion, which is the abrasion ramp. 

(a) The Major Portion is almost horizontal, with only minute 
surface irregularities in the form of tiny basins or dimples up to six 
inches in depth, features which are remarkably constant over the whole 
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major portion of the platform, but which are absent from the abrasion 
ramp (Fig. 2). 

The major portion is practically entirely free from detritus of all 
kinds, not even any sand being visible; but on the sea bottom, below the 
platform, well rounded boulders and pebbles of the dune limestone are 
visible. 

Much of the surface of the major portion is covered by living marine 
organisms which must afford substantial protection against marine 
erosion. 

Many rock-holes of varying shape, size and depth stud the platform. 
The surface measurements run from a foot or two to 30 feet or more 
in length and breadth, and the depths from one to about four feet. 
Although these holes contain sand and large boulders and pebbles, there 
is no pot-hole erosion in their formation, and the occurrence of live 
seaweeds in some holes also supports that statement. Solution of the 
limestone appears to be the main cause of the holes, aided perhaps by 
some drying and wetting of the edges of the holes. 



Fig. 2.—Diagrammatic section across the main platform at the lighthouse, Point 
Lonsdale, showing the smooth abrasion ramp (AR) and the dimpled surface 
of the major portion of the platform (MP). C—Cliff. UP—Ultimate 

platform. 

Fig. 3—Diagrammatic section through one of the small stacks standing on the 
platform (P) in front of the lighthouse. The hollows are due to ordinary 
pot-hole erosion by the waves. 


True pot-holes do occur, but they are few in number. They have 
diameters of from six to 18 inches, and depths from a few inches to 
about twelve inches. Around their edges and projecting two inches 
above the general level there is, in places, a band of rock up to two 
inches thick, harder than the main mass, a fact probably due to the 
migration of calcium carbonate from the surrounding rock, which 
resulted in the formation of the holes, their shapes being determined 
prior to the action of the eroding agents. 

Although pot-hole erosion is scanty on the platform itself, yet it is 
normal and pronounced above the bases of the small stacks in front of 
the lighthouse, where it is an active agent in the destruction of those 
features. The holes are frequently 18 inches to two feet in diameter and 
in depth. Two holes may merge in each other, with a resulting diameter 
up to about four feet and a depth of from two to three feet. A diagram¬ 
matic section of one of these stacks is shown in Fig. 3. 

At the outer edge of the platform where it drops sharply to what the 
writer has hitherto termed the ultimate platform, the very changeable 
dip of the rocks enables the sea to undermine the platform, with the 
result that large slices break off and slip into the sea. In this way, as 
well as by the sea cutting strong channels through the platform, the area 
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of the latter is probably being substantially reduced; for it looks as if 
the destruction of the platform is proceeding faster than its extension 
by the retreat of the cliffs; and in this connection, a minor method of 
destruction is shown on the remnant of the platform about a quarter of 
a mile west of the lighthouse on the ocean, where the sea, arriving 
normal to the shore along the broken edge of the platform, turns and 
sweeps along the inner portion of the platform parallel to the shore, 
thereby reducing that portion to a lower level than the outer portion 
(Fig. 4). 
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Fig. 4 .—Diagrammatic section across the platform (P) about half a mile west of 
the lighthouse, showing the lowering by marine erosion of the inner portion of 
the platform parallel to the coast-line. C—Cliff. 


(b) The Minor Portion, i.e., The Abrasion Ramp. This, the 
remaining portion of the main platform, projects downward from the 
edge of the cliffs at an angle of from 5° to 8° from the horizontal, until 
it meets the major portion. The width of the ramp is variable, but 
probably it would average about 30 feet, so that in comparison with the 
major portion its size is insignificant. Nevertheless it is a strongly 
marked feature with variable characters. 

The abrasion ramp is extended landward as the cliffs recede. At the 
same time its seaward edge appears to be in course of reduction, by the 
action of the waves, to the general level of the major portion of the 
platform. Thus, if the rates of removal of the cliffs and of the seaward 
edge of the ramp should differ, the latter may be extended or reduced 
accordingly. The mechanism which brings about the formation of the 
ramp and its destruction seems obscure. 

Although the ramp has the general slope seaward stated above, yet its 
surface becomes mutilated in a number of ways. The fact that it is 
composed of the dune limestone, with its varying dips both in direction 
and angle, helps to bring about these surface irregularities. Thus if the 
rocks dip landward they become undermined by the action of the sea 
in that direction (PI. XIII, fig. 3). If they dip seaward, the reverse 
takes place. In other instances, pot-holing may start and rapidly advance, 
and so wide, shallow holes develop on the surface. 

Immediately to the south of the lighthouse the surface of the ramp is 
composed of a bed of the dune limestone, which is thicker than most 
other beds of the series and perhaps of slightly different chemical 
composition. Whilst its general surface is exceedingly smooth, yet in it 
closed hollows have been cut which are of unusual shape (Figs. 5a 
and 5b), with an average depth of from six to nine inches. They have 
been formed by pot-hole erosion and, in some instances, as separate 
hollows which have by the continued action of the sea coalesced, the 
resulting form having, in places, a series of curves with sharply cut 
spurs, and having its longer axis at right angles to the coast-line. 
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At about two chains west of the lighthouse similar hollows (Figs. 
6a and 6b) have been formed in the abrasion ramp in ordinary dune 
limestone, but the narrow connecting channels between the original 
separate hollows are more clearly shown than in the case of the hollows 
shown in Figs. 5a and 5b. In these examples, also, the longer axis 
is at right angles to the coast-line. 



Figs. 5a and 5b. —Diagrammatic plans of the shallow hollows in the abrasion 
ramp in front of the lighthouse. They are cut in a bed of dune limestone of 
unusual thickness and surface smoothness. The arrows indicate the directions 
of the seaward slope. _ ... 

Figs. 6a and 6b. —Diagrammatic plans of the shallow hollows in. the abrasion 
ramp about two chains west of the lighthouse. They are cut in the normal 
type of dune limestone. The arrows indicate the directions of the seaward 
slope. 


3. Origin of the Main Platform 

This platform (as also other platforms in its immediate vicinity) is 
exposed between tide-marks, and is covered by practically every tide, 
whether the sea be calm or rough. Its level is therefore below ordinary 
high-tide mark. 

The dune limestone of which it is composed is a rock of moderate 
but varying toughness. The platform would appear to be due, in the 
main, to planation for the following reasons: (1) It does not come under 
the ‘Old-Hat’ type of Bartrum. (2) As already mentioned, solution 
(in consequence" especially of the prevalence of calcium carbonate in the 
rock) doubtless plays an important part in the formation of the rock 
holes, and it may account to some extent for the unusual small irregu¬ 
larities on the surface of the platform, but not for the platform as a 
whole. (3) The cliffs are being undermined by the direct attack of the 
waves, and at the small stacks in front of the lighthouse wave action 
takes place to a height of five or six feet above the platform (PI. XIII, 
fig. 1), partly by direct abrasion of the sides of the stacks and partly by 
the formation of large pot-holes in their lower portions. (4) No evidence 
was obtained that the crystallization of sodium chloride effects the 
disintegration of the rock; and (5) alternate wetting and drying would 
doubtless assist in breaking up the surface of the platform, but it is 
doubtful whether, by reason of the platform being below ordinary high- 







Ill 


The Shore Platforms of Point Lonsdale, Victoria 

tide level, there are any periods of dryness or, if there are any, whether 
they are of sufficient length to affect the surface of the platform. 
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Description of Plate 

Plate XIII 

Two stacks of dune limestone resting on the platform in the ocean at the foot of the 
lighthouse. The lower portion of the right hand stack shows the smoothing action of 
the sea, whilst above, atmospheric erosion produces a rough cavernous surface. 

The main platform at the foot of the lighthouse, looking east towards the Sorrento 
Peninsula. 

The abrasion ramp truncating the landward dipping dune limestone. North of the pier. 


Fig. 1.— 

Fig. 2,- 
Fig. 3.— 
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TIDES OF HOBSON’S BAY 

By J. E. Bradley, L.S., F.V.I.S. 

(Communicated by E. D. Gill) 

[Read 9 December 1948] 

Abstract 

The data available on the tides of Hobson’s Bay are reviewed. The results 
of harmonic analysis of the records are given and predictions based on these are 
compared for the year 1946. The tides of Williamstown are compared with those 
at Port Port Phillip Heads and at Victoria Dock. Data are given on mean tide 
level and mean high and low water for Hobson’s Bay. 

Tidal Observations 

From January 1874 until it closed down in September 1943 the Mel¬ 
bourne Observatory maintained records of the tides at Williamstown. 
On 30 August 1943 these records were handed over to the Melbourne 
Harbor Trust Commissioners together with the self-registering tide 
gauge situated in a small stone house at the shore end of the Breakwater 
Pier, Williamstown. The records have been kept up-to-date since they 
were taken over, and the times and heights of each successive high water 
are tabulated in a book of convenient form. 

The heights of tides are referred to Admiralty Chart Datum, deter¬ 
mined as Low Water Springs by Captain Cox, R.N., about 1864 when 
making the original survey for what is now called Chart 624 Hobson’s 
Bay. This chart datum is Reduced Level 0*19 on the Melbourne and 
Metropolitan Board of Works Datum for Levels. The Reference Bench 
Mark used for setting the tide gauge is a broad arrow on the sill of the 
old Williamstown Lighthouse (later used as a Time Ball tower and now 
again as a lighthouse). This bench mark is 7*81' above M.M.B.W. 
Datum. 

Soon after the transfer of the self-registering tide gauge to the 
Harbor Trust Commissioners it was found that siltation in the vicinity 
of the gauge well was preventing free access of water to the well. This 
was causing the gauge to register low waters too high and high waters 
too low by an average amount of about 4". As dredging of the site was 
not possible it was decided to remove the gauge to Ann Street Pier, 
where no trouble from siltation is expected. 


Tidal Predictions 

Before 1945 the only locally published predictions for Williamstown 
were those computed and published by the Ports and Harbours Branch 
of the Department of Public Works from a table of Lunitidal Intervals 
applied to the time of the moon’s meridian passage. No heights 
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tabulated. The original table of Lunitidal Intervals was computed by 
Mr. E. J. White of the staff of the Melbourne Observatory and was 
based on continuous tidal records for the periods 1 August 1875 to 31 
July 1876, and 1 January 1886 to 18 June 1887. 


Table 1 

Liverpool Observatory and Tidal Institute 
List of Harmonic Constants 
Place: Melbourne ( Williamstown ) 


Latitude 

Longitude 

L 

Standard Time 
S 

Records 

Length 

Central Day 

37° 52' S. 

144° 55' E. 

-10 

1 Year 

March 1, 1944 


Constants from hourly tide-gauge readings, Breakwater Pier Signal Station. 
Zero of tide-gauge is RL. 0T9 M.M.B.W. datum. 

For predictions: 


Ao 

Sa 

Ssa 


1-387 ft. (M.T.L. 
•098, 091° 1 
■108, 152° j 


for 17 years, corrected). 
Mean of M.S.L. for 17 years. 



H 

g 


H 

g 


H 

g 


H 

g 

A 0 

1-543 

_ 

2Qi 

•008 

346 0 

oq 2 

-015 

199-6 

mo 3 

*035 

166-7 

Sa 

•274 

001-7 

°1 

•013 

138-0 

mns 2 

•007 

045-0 

m 3 

•003 

251-7 

Ssa 

•128 

075-4 

Qi 

•047 

087-6 

2N 2 

•033 

345-9 

so 3 

— 

— 

Mm 

•092 

145-7 

Pi 

■014 

077-9 

M2 

•034 

084-9 

mk 3 

•023 

208-9 

MSf 

•067 

180-9 

Ox 

■226 

096-1 


•125 

014-4 

sk 3 

•014 

355-9 

Mf 

•007 

278-1 

MR 

•022 

087-4 

v 2 

•036 

004-8 







M x 

•007 

098-1 

OP 2 

•012 

160-1 

mn 4 

•008 

060-2 





•012 

0550 

m 2 

•772 

063-9 

m 4 

•021 

095-4 




w 1 

■014 

210-2 

MKS„ 

-004 

045-0 

sn 4 

•004 

194-0 




Pi 

•090 

134-4 

a 2 

•004 

1660 

ms 4 

•Oil 

217-9 




Si 

•038 

118-7 

l 2 

•073 

099-4 

mk 4 

•008 

194-0 




Ki 

•285 

134-7 

t 2 

•014 

210-2 

S 4 

*007 

033-7 




0i 

•015 

301-8 

S* 

•181 

197-6 

sk 4 

•002 

090-0 




0i 

•Oil 

174-8 

r 2 

•004 

090-0 







0i 

•005 

158-2 

k 2 

•037 

202-2 

2MN 6 






Ji 

•017 

170-0 

msn 2 

•015 

070-4 

m 6 






SOj 

•024 

087-6 

kj 2 

■008 

240-2 

msn 6 






OOj 

•012 

311-7 

2SM 2 

•009 

139-4 

2MS 6 












2MK 6 












2SM 6 












msk 6 




Various harmonic analyses have been made (see Table 4 below). 

At the request of the Melbourne Harbor Trust Commissioners an 
harmonic analysis of records for one year was made by the Liverpool 
Observatory and Tidal Institute. The records analysed were for the 
period 1 September 1943 to 31 August 1944, hourly heights over this 
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period being obtained visually from a gauge located at the Signal Station 
at the outer end of the Breakwater Pier, Williamstown, and so con¬ 
structed that oscillations are damped out. The results of this analysis 
are shown in Table 1. 

The Liverpool Observatory and Tidal Institute now supply predic¬ 
tions annually to the Melbourne Harbor Trust. The predictions of 

Table 2 

Williamstown, 1946 

Comparison on M.H.T. Predicted Heights with Observed Heights 
at High and Low Waters 


Difference 
between 
Predicted 
and Actual 
Height 

Number of Tides 

J. 

F. 

M. 

A. 

M. 

Ju. 

Jy. 

A. 

s. 

O. 

N. 

D. 

Total 

Per cent 
of Whole 

0"— 3" .. 

14 

34 

50 

56 

62 

57 

30 

51 

47 

64 

51 

59 

575 

40-78 

O 

1 

CO 

37 

44 

38 

38 

39 

25 

19 

21 

43 

35 

51 

35 

425 

30-14 

6" —12" .. 

46 

24 

18 

20 

12 

26 

32 

32 

18 

19 

13 

15 

275 

19-50 

12*' —18" .. 

22 

5 

12 

2 

5 

4 

25 

12 

6 

2 

1 

4 

100 

7-09 

18" — 24" .. 

— 

1 

2 

— 

2 

4 

13 

3 

2 

— 

- 

7 

34 

2-41 

24" —30" .. 













1 

0-08 

Total Tides 

119 

108 

120 

116 

120 

116 

120 

119 

116 

120 

116 

120 

1410 

10000 


Table 3 

Number of High Tides (upper figure) and Low Tides (lower figure) 
which fell Lower than Predicted 


Number of Tides 


— Actual height 

j. 

F. 

M. 

A. 

M. 

Ju. 

Jy- 

A. 

S. 

O. 

N. 

D. 

Total 

0' — 3" 

2 


3 

2 

9 

21 

8 

8 

14 

15 

19 

13 

114 



2 

2 

5 

21 

9 

3 

11 

14 

15 

15 

14 

111 

3" — 6" 

1 

1 

_ 

4 

2 

3 

3 

1 

9 

3 

4 

2 

33 



2 

— 

— 

4 

12 

6 

5 

11 

6 

11 

4 

61 

6" — 12" 

1 

3 

_ 

_ 

_ 

9 

_ 

— 

5 

1 

5 

— 

24 


1 

4 

— 

— 

— 

9 

1 

1 

4 

4 

4 

—' 

28 

12" —18" .. 













0 











— 

1 

— 

1 

«-p> j. i f High 

4 

4 

3 

6 

11 

33 

11 

9 

28 

19 

28 

15 

171 

Total \Lol 

1 

8 

2 

5 

25 

30 

10 

17 

29 

25 

31 

18 

201 

Max. "\High 

60 

54 

60 

58 

60 

58 

60 

60 

58 

60 

58 

60 

706 

possible / Low 

59 

54 

60 

58 

60 

58 

60 

59 

58 

60 

58 

60 

704 
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times and heights of all high and low waters for the year are published, 
with other Port data, for sale to the public. 

A comparison of the heights predicted for 1946 with those which 
actually occurred is shown in Table 2. 

Table 3 shows for 1946 the number of high and low tides which fell 
lower than predicted and the amount of the differences. 

The times of tides are, generally speaking, within half an hour of that 
predicted except under very adverse weather conditions, but even then 
the times are never much out, alteration in water level being the principal 
effect. 

Table 4 compares the values of the four main tide-producing com¬ 
ponents obtained by various harmonic analyses. There would appear to 
have been no change in the tidal constituents for Hobson’s Bay since 
1894, the earliest date for which data has been analysed. 


Table 4 

Comparison of Results of Various Harmonic Analyses 



m 2 

S a 

K, 

O, 

A 0 


gn 


g(°) 


g(°) 

H(ft.) 

g(°) 

H(ft.) 

Admiralty— 

31/3/09-31/3/11 

069 

0-81 

174 

0-10 

137 

0-29 

089 

0-22 

1-80 

U.S. Coast and Geodetic 
survey. 1 month, May, 
1894 . 

069 

0-81 

164 

0-10 

132 

0-29 

095 

0-22 

— 

J. E. Bradley, M.H.T.— 
1943 . 

062 

0-75 

200 

0-16 

174 

0-24 

106 

0-21 

1-40 

Cdr. K. E. Oom, R.A.N.— 
1944 . 

064 

0-76 

201 

0-13 

143 

0-27 

108 

0-18 

1-40 

Liverpool T.I., 1944— 

1 yr., hourly hts., Cen¬ 
tral day, 1/3/44 

063-9 

0-772 

197-6 

0-181 

134-7 

0-285 

096-1 

0-226 

1-387 


Mean 

Lunar 

Semi¬ 

diurnal 

Mean 

Solar 

Semi¬ 

diurnal 

Lunar 

Solar 

Diurnal 

Lunar 

Declina- 

tional 

Diurnal 



Relation to Tides of Port Phillip Bay 

The tide is propagated from Bass Strait into Hobson’s Bay via the 
Heads and Port Phillip Bay. Fig. 1 is an outline chart indicating very 
approximate co-tidal lines showing how the crest of the tide wave 
travels in Port Phillip Bay. As this is based on very little data taken 
from General Notice to Mariners, further observations might lead to 
alterations in this chart. 
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Generally speaking it is high water in Hobson’s Bay between 2h and 
3? hours after it is high water at Port Phillip Heads. The amplitude of 
the tide wave undergoes diminution after passing through the Heads. 
Fig. 2 shows the extent of this diminution and the time lag between the 
Heads and Williamstown. 



Fig. 1. — Cotidal Lines, Port Phillip Bay. 


Mean Values 

Table 5 shows the mean monthly range of tides at Williamstown since 
1894. Records are not complete but are sufficient to show that little 
change in mean range has taken place. 
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Mi* \947 0kr ^ ^ ^ OWr April 194-7* 

Fig. 2.—Typical Tidal Curves, Port Phillip Heads and Williamstown. 
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Table 5 

Mean Monthly Ranges of Tides at Williamstown 


Year 

Jan. 

Feb. 

Mar. 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

1894 .. 

— 

— 

- 

— 

- 

— 

1*66 

1*66 

1*69 

1*70 

1*68 

1*64 

1*67 

1895 .. 

1-62 

1-61 

1*69 

1*67 

1*62 

1*63 

1*64 

1*63 

1*63 

1*63 

1*61 

1*70 

1-64 

1896 . . 

1-66 

1 70 

1*67 

1*59 

1*66 

1*56 

1*63 

1*49 

1*62 

1*67 

1*64 

1*67 

1*63 

1897 .. 

1-65 

1-68 

1*63 

1*53 

1*58 

1*59 

1*57 

1*58 

1*64 

1*75 

1*67 

1-70 

1*63 

1898 .. 

1-75 

1-68 

1*63 

1*62 

1*60 

1*61 

1*65 

1*58 

1-82 

1*70 

1*70 

2*03 

1*69 

1899 .. 

1-66 

1*65 

1*66 

1*63 

1*61 

1*62 

— 

— 

— 

— 

- 

— 

1*64 






190C 

-1915 

MOT C 

3MPUT 

ED 





1916 

1-71 

1-69 

1*64 

1*67 

1*64 

1*68 

1*65 

1*64 

1*64 

1*67 

1*74 

1*74 

1*68 

1917 

1*71 

1-71 

1*77 

1*57 

1*64 

1*67 

1*67 

1*63 

1*70 

1*74 

1*67 

1*67 

1*68 

1918 .. 

1-68 

1-71 

1*71 

1*63 

1*62 

1*63 

1*68 

1*69 

1*72 

1*68 

1*62 

1*78 

1*68 

1919 

1-71 

1-60 

1*62 

1*68 

1*60 

1*65 

1*63 

1*61 

1*65 

1*61 

1*62 

1*66 

1*64 

1920 .. 

1-66 

1-66 

1*68 

1*61 

1*62 

1*69 

1*64 

1*62 

1*60 

1*71 

1*64 

1*65 

1*65 

1921 .. 

1-68 

1-66 

1*68 

1*62 

1*60 

1*58 

1*63 

1*65 

1*63 

1*63 

1*66 

1*63 

1*64 

1922 .. 

1-67 

1-66 

1*64 

1*57 

1*67 

1*58 

1*60 

1*64 

1-56 

1*66 

1*62 

1*64 

1*63 

1923 .. 

1-67 

1-62 

1*57 

1*59 

1*68 

1*64 

1-64 

— 

1-68 

1*64 

1*64 

1*63 

1*64 

1924 

1-62 

1-69 

1*64 

1*57 

1*56 

1*59 

1*56 

1-58 

1*55 

1*63 

1*62 

1*63 

1*60 

1925 .. 

1-66 

1-59 

1*58 

1*61 

1*54 

1*56 

1*55 

1*57 

1*57 

1*51 

1*53 

1*57 

1*65 

1926 

1-59 

1-64 

1*59 

1*60 

1*62 

1*63 

1*58 

1*56 

1*60 

1*58 

1*60 

1*57 

1*59 

1927 .. 

1-55 

1-58 

1*54 

1*50 

1*52 

1*52 

1*55 

1*56 

1*59 

1*58 

1*54 

1*60 

1*55 

1928 .. 

1-63 

1*58 

1*55 

1*56 

1*43 

1*52 

1*50 

1*47 

1*48 

1*55 

1*53 

1*57 

1*53 

1929 .. 

1-63 

— 

1*55 

1*52 

1*48 

1*56 

1*59 

1*53 

1*49 

1*49 

1*53 

1*57 

1*54 

1930 .. 

1-55 

1*66 

1*50 

1*68 

1*50 

1*55 

1*54 

1*52 

1*49 

1*41 

1*51 

1*58 

1-54 

1931 

1-52 

1*52 

1*48 

1*52 

1*63 

1*50 

1*60 

1*51 

1*52 

1*47 

1*52 

1*49 

1*52 

1932 .. 

1-50 

1*55 

1*54 

1*47 

1*43 

1*51 

1*44 

1*49 

1*45 

1*47 

1*49 

1*57 

1*49 

1933 .. 

1-47 

1-43 

1*49 

1*44 

1*39 

1*46 

1*42 

1*39 

1-40 

1*45 

1*48 

1*52 

1*44 

1934 .. 

1-54 

1*48 

1*47 

1*47 

1*46 

1*48 

1*53 

1*50 

1-53 

1*48 

1*51 

1*50 

1*49 

1935 .. 

1-56 

1*53 

1*54 

1*56 

1*58 

1*53 

1-49 

1*49 

1*43 

1*44 

— 

1*55 

1*52 

1936 .. 

1-49 

1*46 

1*53 

1*49 

1*42 

1*34 

1*47 

1*46 

1*43 

— 

— 

— 

1-45 
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r-1942- 
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IS AVA 
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1943 .. 

From 

Signal 

M,H. 

Static 

T. visu 
n, Bre 

al gau 
akwat 

ge hou 
er Pier 

rly hei 

gbts 


1*71 

1*67 

1*79 

1*79 

1*74 

1944 .. 

1-87 

1*83 

1*83 

1*79 

1*73 

1*64 

1*69 

1*83 

1*69 

1*75 

1*77 

1*85 

1*77 

1945 

1-77 

1*75 

1*77 

1*73 

1*71 

1*67 

1*73 

1*72 

1*75 

1*77 

1*71 

1*77 

1*74 

1946 .. 

1-75 

1*79 

1*71 

1*71 

1*71 

1*69 

1*72 

1*72 

1*64 

1*69 

1*69 

1*71 

1*71 

1947 .. 

1-77 

1*67 

1*75 

1*73 

1*67 

1*67 

1*73 

1*67 

1*67 

1:71 

1*69 

1*73 

1*77 


April, 1894. Side of tide gauge well broken open to clear mud, and after this gauge appears 
to have been in order until 1930. 

It appears that from 1930 onwards the gauge began to be affected by siltation outside the 
well, not allowing a full range. This agrees with what Lieut. W. H. Martin, R.A.N., stated 
about this time when he was surveying Hobson's Bay. 
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Table 6 shows data about mean tide level. This has considerable 
variation, mainly due to meteorological conditions. 

Table 6 

Mean Tide Level 


Heights of Mean Tide Level at Williamstown above Admiralty Chart Datum 
RL0T9 based on the mean of all High and Low Waters (not hourly heights) 
taken from Automatic Gauge Records. 


Year 

Jan. 

Feb. 

Mar. 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

1894 .. 

— 

— 

— 

— 

— 1 — 

1*81 

1*40 

1-24 

1-36 

1-52 

1-20 

— 

1895 .. 

1-18 

116 

1-27 

1-33 

1-48 1-69 

1-60 

1-66 

1-66 

1-50 

1-29 

1-83 

1-47 






1891 

5-1915 

NOT C 

OMPU1 

'ED 





1916 .. 

1-29 

1*12 

1-10 

1-63 

1-56 

1-75 

1*45 

1-01 

1-13 

1-33 

1-67 

1-48 

1*38 

1917 .. 

1-54 

1*25 

1-70 

1-52 

1-94 

1-68 

2-12 

1*37 

1-68 

1*62 

1-35 

1-40 

1-59 

1918 

1-14 

1-12 

1-27 

1-08 

1-70 

1*96 

1*52 

1-24 

1-24 

1-42 

1-19 

1-40 

1*36 

1919 

1-39 

0-98 

1-31 

1-12 

1*16 

1*77 

1-42 

1-26 

1-44 

1*30 

0*98 

1-17 

1-28 

1920 .. 

0-67 

1*11 

1-27 

1-22 

1*49 

1-86 

1-56 

T42 

1-16 

1*20 

1-28 

1*38 

1*30 

1921 

1-14 

1-18 

1-25 

1-52 

1*24 

1*43 

1*86 

1-41 

1-40 

1*28 

1-53 

1*18 

1*37 

1922 . - 

1-42 

1-45 

1-26 

1-66 

1-62 

1-52 

1*34 

0-84 

0-50 

0-87 

0-96 

1*59 

1*25 

1923 .• 

1-90 

1-27 

1*31 

0-81 

2-26 

1*80 

1-67 

1-34 

1-63 

1-51 

1*55 

1-25 

1-52 

1924 . • 

1-65 

1-46 

1-34 

1-62 

1-52 

1-64 

1-28 

1-38 

1-49 

1*77 

1-72 

1*36 

1*52 

1925 .• 

1-23 

1-56 

1-20 

1-31 

1*14 

1-22 

1-56 

1-27 

1-41 

1-34 

0-98 

1-25 

1-29 

1926 .. 

1-09 

1-49 

1*13 

1*62 

1-54 

1-61 

1-60 

1-71 

1*09 

1*87 

1*60 

1*35 

1*47 

1927 .. 

1-23 

1-52 

1-38 

1-29 

1-66 

1*33 

1-50 

1*56 

1*01 

1*09 

1*12 

1*34 

1*33 

1928 .. 

1*16 

1-25 

1-22 

1-61 

1*42 

1*47 

1*62 

1-44 

1*95 

1*94 

1-55 

1*37 

1*50 

1929 .. 

1-84 

1-28 

1-36 

1*73 

1-56 

1-60 

1-31 

1-16 

1-01 

1-11 

1-24 

1*61 

1-40 

1930 -. 

1-16 

1-10 

0-93 

1-19 

1-22 

Ml 

1-67 

1-58 

1-60 

1-23 

1-08 

1*64 

1*29 

Mean for 

16 years 

1*81 

1-27 

1-27 

1-33 

1-53 

1-59 

1-67 

1-35 

1*33 

1-39 

1*33 

1*40 

1-40 















1944 .. 

1-79 

1-69 

1*75 

2-00 

1-95 

1-50 

1*50 

1-15 

1-27 

1*60 

1-83 

2*23 

1*69 

1945 .. 

1-93 

1-77 

1-75 

1-35 

1-73 

1-67 

1-48 

1-91 

1-79 

1-62 

1-81 

1*58 

1-70 

1946 .. 

1-96 

1-62 

1-71 

1-67 

1-79 

1-67 

2-25 

1*83 

1-37 

1-46 

1-33 

1-69 

1-69 

1947 .. 

1-58 

1-31 

1-73 

1-50 

1-90 

2-10 

2-08 

1-67 

1-60 

1*73 

1-42 

1*62 

1*44 

Mean Bar¬ 
ometer 
(inches) 

29-913 

29-962 

30*037 

30-101 

30-106 

30-078 

30-097 

30-067 

29-996 

29-965 

29-952 

29*896 

30-014 

Mean 
Evapora¬ 
tion (ft.) 

0-53 

0-42 

0-32 

0-19 

0-12 

0-09 

0-09 

0-12 

0-18 

0*27 

0-37 

0-47 

317 


Table 7 shows information about mean high water and mean low 
water, Hobson’s Bay. These heights would be of value in determining 
the ‘shore’ in relation to littoral lands. As the shore is that strip of land 
situated between these limits, it is the area lying between contour R.L. 
100 and contour R.L. 276. 
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Table 7.—Breakwater Pier, Williamstown 
Mean High Water 



Jan. 

Feb. 

Mar. 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

1944 

2-73 

2-58 

2-67 

2-90 

2-81 

2-31 

2-33 

1-98 

2-12 

2-50 

2-73 

312 

2-57 

- R.L.2-76 

1945 

2-83 

2-61 

2-62 

2-21 

2-58 

2-50 

2-35 

2-75 

2-67 

2-52 

2-67 

2-48 

2-57 

1946 

2-83 

2-50 

2-58 

2-50 

2-65 

2-50 

3-10 

2-67 

2-19 

2-29 

2-17 

2-54 

2-54 

1947 

2-46 

2-14 

2-60 

2-50 

2-73 

2-96 

2-94 

2-50 

2-42 

2-60 

2-27 

2-48 

2-55 


Mean Low Water 



Jan. 

Feb. 

Mar. 

April 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Mean 

1944 

0-83 

0-79 

0-83 

110 

1-08 

0-67 

0-67 

0-31 

0-42 

0-77 

0-95 

1-31 

0-81 

=R.L.T00 / 

1945 

1-02 

0-89 

0-87 

0-50 

0-87 

0-81 

0-69 

1-02 

0-93 

0-75 

0-96 

0-71 

0-83 

1946 

1-10 

0-71 

0-83 

0-83 

0-96 

0-81 

1-37 

0-98 

0-54 

0-60 

0-48 

0-83 

0-82 

1947 

0-71 

0-48 

0-85 

0-58 

1-04 

1-25 

1*21 

0-83 

0-77 

0-85 

0-56 

0-75 

0-82 


Mean Sea Level is 1387' above chart datum and Indian Spring Low 
water is 0' 1" below chart datum. 

Record tides at Hobson’s Bay are: 

Highest: 1 December 1934—6' 6" above chart datum; 

Lowest: 19 September 1926—1' 4£" below chart datum; 
i.e., maximum range 7' 10^". 

There is little difference in time and height of high and low water at 
Victoria Dock and Williamstown. A comparison for each hour for 29 
days (central day 13 October 1943) gives results shown in Table 8. 

Table 8 

Comparison of Hourly Readings, Victoria Dock and Williamstown, 

For 29 Days 


Difference in water Number of 

level (ft.) Observations Percentage 

0 286 41-09 

•1 270 38-79 

■2 99 14-23 

•3 26 3-74 

•4 9 1*29 

•5 — — 

•6 4 -57 

•7 — — 

•8 2 -29 


696 100 00 
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DESCRIPTION AND BIOLOGICAL INTERPRETATION OF 
SOME VICTORIAN TRILOBITE HYPOSTOMES 

By Edmund D. Gill, B.A., B.D.* 

[Read 9 December 1948] 

Summary 

Some Lower Devonian trilobite hypostomes are described, and functions sug¬ 
gested for the various structures. The trilobite hypostome is interpreted as 
an originally dorsal axial structure which has become ventral through mouth 
migration, and fulfilling the functions of protection for the proventriculum, pro¬ 
tection for the mouth in some forms, support for the head in some forms, a base 
for the antennae, and attachment for cephalic muscles. The function of the maculae 
is discussed. 

Introduction 

The trilobite mouth was not at the anterior extremity of the animal, 
but a ventral structure set well back near the posterior margin of the 
cephalon. The mouth was an orifice situated between two hard plates, 
the anterior one being the hypostome and the posterior one being the 
metastome. These were hard plates like those of the dorsal surface, and 
not a relatively soft integument such as was characteristic of the ventral 
surface of trilobites. The soft integument is reminiscent of that of the 
annelids from which no doubt the trilobites sprang. 

It is generally agreed that the hypostome of the trilobite is homo¬ 
logous with the labrum of other arthropods, but from what somite it 
developed it is very difficult to say, because hypostomes are only known 
in late larval and adult stages of trilobite life history. Much remains to 
be discovered concerning cephalization in the trilobites, but Stormer’s 
(1942) review of existing knowledge suggests that the hypostome 
belongs to the pre-antennal segment. 

Mouth Migration 

Primitively, the mouth is a terminal anterior structure. In annelids 
it is almost so, there being a single pre-oral segment, the prostomium. 
In trilobites, there has been mouth migration whereby the mouth has 
receded to a position at the back of the cephalon on the ventral side. 

One of the main differences between the trilobite families Homa- 
lonotidae and Calymenidae is that the epistome is on the dorsal surface 
of the former but on the ventral surface of the latter. This may well be 
another expression of the process of migration which involves the mouth. 

Axis and Hypostome 

The three-fold longitudinal division of the trilobite carapace which 
gives it its name is not just a superficial structure of small biological 
moment. The axis appears first in ontogeny. That is, the longitudinal 

♦Palaeontologist, National Museum of Victoria. 
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divisions appear before the transverse segmental divisions, e.g. see 
Brogger’s larval series of Liostracus. The axis may thus deserve more 
attention in ontological interpretations than it has received. In such a 
study, the hypostome should find a place, because— 

1. It is an axial structure, corresponding in position on the ventral 
surface with the better known axial structures on the dorsal surface. 

2. It approximates in shape to the glabella (the dorsal axial structure 
of the cephalon), and has no relation to the shape of the cephalon. 

3. The hypostome (in the cases studied by me at any rate) has the 
same ornament as that on the glabella. For instance, the hypostome of 
Lichas has tubercles on it like those on the glabella, that of Phacops 
possesses the coarse granulation such as appears on its glabella, and the 
very fine granulation of the dorsal shield of Odontochile is found like¬ 
wise on the hypostome. This is in contrast with the ventral integument, 
which was smooth except for strengthening rings. It had no ornament 
comparable with that of the dorsal surface. 

4. The hypostome and metastome were comparatively thick and hard 
plates such as found on the dorsal surface and nowhere else on the 
ventral surface. The ventral integument was very thin. 

5. The hypostome is generally inflated to a degree comparable with 
the glabella in each case, and in the same relative direction. If there 
were no mouth migration, the hypostome would appear on the dorsal 
surface, a plate similar in size, shape, ornament and inflation to the 
glabella. 

6. The hypostome forms a continuity with the dorsal axial plates, 
being attached by the hypostomal suture to the reflexed margin of the 
cephalic shield. In the Olenellidae and some other Cambrian forms there 
is not even a hypostomal suture present (Stormer, 1942, p. 133). 

On this interpretation, the hypostome is regarded as a part of the 
axial section of the dorsal shield reflexed to the ventral surface as a 
result of mouth migration. But whereas the glabella represents a num¬ 
ber of segments, the hypostome probably represents only one or part 
of one segment (cf. Stormer, 1942, p. 123). Some of the similarities 
between the glabella and hypostome listed above are no doubt due to 
the fact that the hypostome is adapted as a ventral plate corresponding 
to the dorsal glabella. The two plates apparently protected a large 
proventriculum. However, there is ample evidence, in my view, that the 
hypostome is essentially a part of the dorsal axial shield which has been 
reflexed to the ventral surface, and is not primarily a ventral structure. 

Biological Significance of Hypostome 

More must be known about the hypostomes of various genera and 
species and their relation to the rest of the cephalon before adequate 
interpretations of their biological significance can be made. Sections 
showing the relations of the wings, alae, and furrows of the hypostome 
to the muscular apodemes of the glabella would be a big help. However, 
the following appear to be among the functions of the hypostome: 

1. Protection for Proventriculum. A number of writers have sug¬ 
gested that the space between the convex glabella and convex hypostome 
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was occupied by a proventriculum, e.g. Raymond 1920, Richter 1925. 
Judging by analogy, this is very likely. If this were so, then clearly one 
function of the hypostome would be that of support and protection for 
the proventriculum. 

Raymond (1920, p. 81) suggested that the strong development of the 
frontal lobe of the larvae was due to their changing over from a pelagic 
to a more benthonic habit as they came to maturity. This change would 
make necessary a larger stomach because the benthonic animals were 
apparently omnivorous and some of them mud-eaters, in contrast with 
the pelagic larvae which ingested more or less pure protein in the form 
of microzoa. One would expect to find some similar difference between 
the pelagic and the benthonic adult trilobites, and this would be reflected 
in the amount of space between the glabella and the hypostome. The 
pelagic forms generally have small hypostomes, even if bulbous, but 
some of them are relatively flat. The glabella is usually small, too. There 
does appear to be a difference in the size of the proventriculum (so 
inferred) between pelagic and benthonic trilobites, but such differences 
should be calculated with reference to relative body weight. The pelagic 
forms were of lighter construction, and there would therefore be less 
physiological upkeep. 

2. Protection for Mouth. The presence of a convex hypostome meant 
that the mouth was recessed and so protected. This would be an advan¬ 
tage, one imagines, particularly in the mud-burrowing forms, some of 
which strongly forced their way through sediments, digging deep trails 
which have been preserved (Walcott, 1924, pp. 124-125). 

It would appear that in some cases at any rate the hypostome over¬ 
lapped the mouth to a small extent, and that the metastome overlapped 
the bases of the cephalic appendages (see Stormer, 1939, fig. 26). This 
overlapping of structures would give a streamlined effect when the 
animal was moving forward. It has been suggested to me that this 
arrangement could have been for closing the mouth, a necessary function 
if the food or food-bearing mud were drawn into the proventriculum, 
then forced along the alimentary canal. 

3. Support for Head. The thorax and pygidium of the trilobite were 
provided with segmentally arranged perambulatory appendages, but the 
cephalic appendages were set behind the metastome, i.e., at the very back 
of the cephalon (Stormer, 1939, fig. 26; Walcott, 1924, pi. 30, figs. 17, 
18), and were smaller in size and apparently differed somewhat in 
function. The head with its large proventriculum and long antennae 
was probably the heaviest part of the animal per unit length, and yet it 
did not have the support from ambulatory appendages provided for the 
rest of the body. It may be that the convex hypostome aided (in the 
case of the benthonic forms) by constituting, if needed, a kind of skid 
which could rest on the bottom while food or food-bearing mud was fed 
into the mouth. 

4. Base for Antennae. The tactile antennae of trilobites arose bi- 
symmetrically from the lateral margins of the hypostome on the ventral 
surface. In specimens showing the antennae in situ, they are contiguous 
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with the hypostome, and indeed may have been continuous with it. The 
hypostome thus afforded them a measure of stability. The antennae 
emerge from the posterior margins of the anterior wings. Here the 
hypostome is strongest, being broadest, and being buttressed with wings 
in the horizontal plane, and often also with alae in the vertical plane.* 

In the hypostome of Odontochile fofmosa described in this paper, 
there are well-defined recesses behind the anterior wings. The anterior 
and marginal furrows converge on these points, and if the furrows are 
associated with the muscular system (as suggested in a later para¬ 
graph), then this convergence may indicate an important centre of 
muscle attachment associated with the antennae. In the phacopid hypo- 
stomes described in this paper, there are also recesses, and from them 
dorsally directed alae are placed so as to constitute a continuation of 
the recess walls. And the alae are not flat, but rounded in such a way 
as to suggest that they were moulded to the shape of the antennae. 
However, it is not meant to suggest that the hypostome and antennae 
therefore belonged to the same larval segment. 

5. Attachment for Muscles. The wings and alae of the hypostomes 
constituted biologically valuable apodemes for the attachment of muscles 
(see Opik 1937, Whittington 1941). They provided a large surface 
area for this purpose, and angles of operation different from those of 
the main body of the hypostome. In this connection the alae may be 
compared with the appendifers of the dorsal shield, with which possibly 
they may prove to be homologous. It is considered likely that the 
furrows of the hypostome were also of the nature of apodemes to 
facilitate the attachment and operation of cephalic muscles. They may 
be compared with the furrows and ridges of the pygidial and thoracic 
pleurae, and of the cephalon. 

6. Function of Maculae. There has been considerable argument as to 
the function of the hypostomal structures called maculae. Three theories 
have been advanced: 

(a) that they are visual organs (Lindstrom). 

(b) that they are ‘glandular intumescences’ (Novak). 

(c) that they are organs for muscle attachment (Barrande). 

(a) If the structures are visual organs, then they must be organs of 
the ventral surface of the hypostome, and in a position where they will 
receive light. Only so would they be capable of functioning. As far as 
I have been able to ascertain, the structures concerned affect the whole 
thickness of the hypostomal plate (cf. Lindstrom, 1901, p. 8). With 
regard to position, the maculae are on the posterior half of the hypostome, 
and in the case of those with tumid hypostomes they are in the shadow 
of the tumid part. This seems a very unlikely location for visual organs. 

A priori, it may be considered that hypostomes may or may not have 
maculae interpretable as visual organs, just as there are trilobites with 
and without dorsal eyes, but nevertheless, just as pelagic trilobites have 

*In this paper the term ‘wings’ is employed for horizontal extensions of the 
margin of hypostomes, and the term ‘alae’ is used for dorsal extensions. There 
appears to be value in thus distinguishing these two types of processes. 


Some Victorian Trilobite Hypostomes 127 

more pronounced eyes than benthonic trilobites, so it would be antici¬ 
pated that pelagic forms would have well-developed maculae (if they 
are visual organs) and benthonic forms poorly developed maculae or 
none at all. Swimming in the clear water, the pelagic trilobites could 
benefit from ventral vision in addition to the dorsal and lateral vision 
afforded by the dorsal eyes. The benthonic trilobites, on the other hand, 
crawling along the bottom or digging in the mud of the sea-floor, would 
have little opportunity (if any) of using ventral visual organs. In 
matter of fact, maculae are rare in the pelagic forms (like the 
Lichadids and Acidaspids), but the benthonic forms (like the Asaphids, 
Proetids, Scutellids, Dalmanitids, and Homalonotids) frequently have 
well-developed structures. 

Furthermore, if the maculae are visual organs, it will be anticipated 
that any curved surfaces thereof will be convex on the ventral side, i.e., 
so as to assist vision and not interfere with it. Actually, in a great 
number of maculae (as in Odontochile jonnosa, for instance) the 
surfaces are indented, being concave on the ventral surface. It is difficult 
to interpret such structures as visual organs. 

Parts of the surfaces of a few maculae are granulated in such a way 
as to simulate the lenses of dorsal eyes (Lindstrom, 1901). This is the 
best evidence Lindstrom had for his argument that the maculae are 
visual organs. Nevertheless, if they are lenses, it would naturally be 
anticipated that they would cover the whole macular surface and not 
just part of it. These structures are not really understood yet, and at 
present are capable of other interpretations. 

(b) That the maculae are ‘glandular intumescences’ (driisenartige 
Anschwellungen) is just a guess, with no supporting evidence apart 
from the tumidity of the maculae. The theory does not account for the 
specialized structures described by Lindstrom, nor for the fact that some 
maculae are in the form of depressions and not intumescences. 

(c) If the maculae are organs of muscle attachment, then they must 
be organs of the dorsal surface of the hypostome. Such an interpretation 
must give a satisfactory interpretation of the position and the specialized 
structures of the maculae—the convex and concave surfaces, and the 
protuberances called lenses by Lindstrom. To interpret these structures 
in terms of such a function can be done, but whether it is correct or not 
is another matter. Fields of muscle attachment are sometimes raised 
and sometimes excavated. The maculae, whether convex or concave, 
could therefore on their dorsal side be structures with muscle attachment 
function. The ‘lenses’ of Lindstrom were small hollows on the dorsal 
side of the hypostome, and could likewise possibly fulfil a function of 
muscle attachment. 

The writer’s opinion is that no fully satisfactory explanation for all 
maculae has yet been offered, but of the three discussed above, that 
interpreting them as muscle attachments has so far least to disfavour it. 
The great variety in structures of the maculae may well indicate some 
variation in type of function, so that no one interpretation is adequate 
for all. Barrande (1852) figured a Dalmanitid hypostome with four 
maculae (PI. 25, fig. 20). 
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Hypostome of Odontochile formosa 

PI. XIV, fig. 8. 

Specimen Described. Nat. Mus. Vic. Reg. No. 14597, preserved in 
bluish-grey shale from Carmen’s Quarry, in the valley of Scrubby Creek 
about li miles south of Kinglake West Post Office. Grid reference of 
locality on Kinglake Military Map (1930 edition) : 249758. Hypotype. 

Description. Sub-quadrate in outline, broader anteriorly than pos¬ 
teriorly. Length (median longitudinal axis), 21 mm.; greatest width, 
i.e., across anterior end, 23 mm.; and width across middle, 19 mm. 
Anterior margin slightly curved, and terminating laterally in small 
wings which extend horizontally only 2 5 mm. beyond the lateral 
margins of the hypostome. A faint furrow follows the anterior margin, 
and then near the wings curves back to meet the lateral furrows at the 
posterior margins of the wings. Posterior margin well rounded and 
denticulate. One denticle is evident at the posterior extremity of the 
hvpostome, and there is also trace of one to the left of it as one looks 
at the specimen, i.e., on the right-hand side of the animal. A shallow 
marginal furrow occurs at the posterior end, and is limited to that end. 

A comparatively deep furrow occurs 4 mm. from the posterior end; 
on reaching the lateral margins this furrow continues along them as far 
as the anterior lateral wings. The ends of the furrow turn out towards 
the posterior margins of the wings, and they coalesce with the ends of 
the anterior marginal furrow. 

Approximately half way down the length of the hypostome a macula 
is present on each side of the midline, and between it and the lateral 
furrows. A furrow connects the maculae. As figured, the hypostome 
is viewed from the ventral surface, and the maculae show as deep 
impressions; these would show as strongly raised areas on the dorsal 
surface. As the specimen has suffered slight compression, the precise 
amount of tumidity it originally possessed is not known, but it is clear 
that it was not great. 

Traces of the original ornament are preserved on the specimen. It 
can be readily seen in the short posterior marginal furrow, and consists 
of a fine granulation as seen on the dorsal shield of Odontochile formosa 
(Gill, 1948). 

Comment. Although not found in place in a specimen of 0. formosa, 
the hypostome presumably belonged to that species because— 

(a) in size and proportions it would fit well the cephalon of that 
species; 

(b) it possesses the same kind of surface ornament; 

(c) it occurs in beds where this trilobite is plentiful, but no other has 
been collected to my knowledge. 

The hypostome of O. formosa contrasts with that of Dalmanites 
wandongensis , figured by McCoy (1876, PI. XXII, fig. 3), further 
emphasizing the difference between these forms which until recently 
were both described as Dalmanites meridianus (Gill, 1948). 
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Phacops sp. Hypostome in situ 

PI. XIV, figs. 1-2. 

Specimen Described. Steinkern of cephalon and thorax of trilobite in 
light greyish brown shale from Syme’s Homestead, Killara, Victoria 
(for exact locality see map in Gill, 1945). Nat. Mus. Vic. Reg. No. 

14598. . i • t i t. 

Description. This trilobite is an example of a species which has been 

known locally as Phacops fecundus Barrande, but is not really such, 
although of that type. The cephalon is at right angles to the thorax, and 
the glabella has been broken away, revealing the hypostome in situ. It 
is moderately tumid, the convex surface being ventral. The anterior 
border is broken away but enough is preserved to show that anterior 
wings were present. The posterior end of the hypostome is narrower 
than the anterior end, and the posterior margin is well rounded. There 
is a clearly defined but shallow posterior marginal furrow. The hypo¬ 
stome on this specimen extends as far back as the posterior margin of 
the glabella, i.e., to the nuchal furrow. Begg (1943) described some 
hypostomes in situ and also noted their extension to almost the back 
of the cephalon. This means that the mouth, metastome, and cephalic 
appendages were all accommodated in a very short space; the cephalic 
appendages must therefore have been small (cf. Raymond, 1920, fig. 
13). 

Hypostomes of Some Phacopid Trilobites 

(1) The first specimen of this group (PL XIV, figs. 3, 4) is the 
steinkern of a phacopid hypostome in brownish-grey sandy shale from 
Syme’s Quarry, Killara, Victoria (for precise locality see map in Gill, 
1945). Nat. Mus. Vic. Reg. No. 14599. 

The hypostome is 19 mm. long (midline) and 17 mm. wide across the 
alae (greatest width). The posterior margin is incomplete, but the width 
there was about 12 mm. These measurements are taken in a flat plane 
and not following the curvature of the hypostome. The median longi¬ 
tudinal profile rises about 4-5 mm. above the line joining the anterior 
and posterior margins. Not only is the lobe of the hypostome tumid, 
but also the posterior and lateral furrows are deep. 

There is also a very narrow but well-defined anterior furrow, which 
the frontal lobe overhangs. The great tumidity of this hypostome has 
obscured the frontal furrow and almost obliterated the middle furrow, 
as this is represented only by a change in contour without any trough 
being present. 

The surface is covered with strong pustules of varying sizes which 
affect the whole thickness of the hypostome, i.e., the ornament appears 
on both steinkern and external mould. 

(2) The second specimen of this group (PL XIV, figs. 6, 7) is the 
steinkern of a hypostome in light greyish-brown shale from Syme’s 
Homestead, Killara, Victoria. Nat. Mus. Vic. Reg. No. 14600. 

This hypostome is similar to (1) but is readily distinguished by the 
clear development of the middle furrow, and the presence of a fine 
instead of a coarse ‘ornament’. 
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(3) The third specimen of this group (PI. XIV, fig. 9) is also a 
steinkern in light brownish shale from Syme’s Homestead, Killara, 
Victoria. Nat. Mus. Vic. Reg. No. 14601. 

Length (midline) 9-5 mm. 

Width across alae 9 mm. 

Width at posterior end 4 mm. 

It is like hypostome (2) in having a well-defined middle furrow, and 
possessing a fine ornament. The hypostome may be from an early moult 
of the same species, its small size thus being accounted for. 


Hypostome of an Odontopleurid Trilobite 

PI. XIV, fig. 5. 

This specimen is a steinkern in light greyish-brown shale from Syme’s 
Homestead, Killara, Victoria. Nat. Mus. Vic. Reg. No. 14602. 

Length (midline) 4 mm. 

Width across alae 5 mm. 

Width near posterior end 3-5 mm. 

Hypostome quadrate, with slightly arched anterior and posterior 
borders. Moderately tumid, the lobe rising about 1 mm. above the plane 
of the margins. Alae on anterior wings. A marginal furrow follows the 
lateral and posterior borders, terminating in shallow pits beside the 
wings. Furrows extend from these pits a short distance on to the central 
lobe. Barrande (1852, PL 39, fig. 40) has figured similar furrows on 
‘Acid asp is prevosti, and somewhat similar furrows appear in Lichas 
(Begg, 1943, PI. II, fig. 6). 

The pits on this hypostome are proportionately larger and shallower, 
and also in a different position from typical maculae, so are probably 
not homologous with them. 

Odontopleura spp. have been recorded from Killara (Gill, 1938, p. 
170), but the specimens stand in need of re-study. 
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Description of Plate 

Plate XIV 
All figures X 2. 

Figs. 1-2._ Phacops sp. Hypostome in situ. Note also anterior doublure of cephalon, axial 

furrow, and eyes, „ , . . , 

Figs. 3-4.—Hyposturne of phacopid trilobite. In fig. 3 the specimen is turned to one side to 

show ala extended dorsally at right angles to the main body of the hypostome. 

Fig. 5 ,—Hypostome of odontopleurid trilobite. , r 

Figs. 6-7—Hypostome of another phacopid trilobite. The figure on the left shows the specimen 
turned to one side to display the ala. 

Fig. 8,—Hypostome of Odontochile formosa Gill. 

Fig. 9.—Small hypostome of phacopid trilobite. 
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ANNUAL REPORT OF THE COUNCIL FOR THE YEAR 1948 

The President and Council present to members of the Society the 
Annual Report and Statement of Receipts and Expenditure for the 
year 1948. The following meetings of the Society were held: 

March 11—Annual Meeting. The following office-bearers were 
elected: President, Mr. D. A. Casey; Vice-Presidents, Professor J. S. 
Turner, Mr. P. Crosbie Morrison; Honorary Treasurer, Mr. R. T. M. 
Pescott; Honorary Librarian, Mr. F. A. Cudmore; Honorary Secre¬ 
tary, Dr. C. M. Tattam; Members of Council, Professor E. W. Skeats, 
Professor S. M. Wadham, Professor R. D. Wright, Dr. R. T. Patton, 
Mr. W. Baragwanath, Dr. F. L. Stillwell. 

The following Members of Council continued in office: Professor 
W. A. Osborne, Professor L. M. Martin, Professor E. S. Hills, 
Professor O. W. Tiegs, Dr. H. S. Summers, Captain J. K. Davis. 

The Annual Report and Financial Statement for 1947 were read and 
adopted. 

At the close of the Annual Meeting an Ordinary Meeting was held. 
Lecture: “The Pre-History of Australia,” by Mr. D. A. Casey. 

April 8—Lecture and Natural Colour Film: “Seto Nai Kai—The 
Sea Within the Narrow Gates,” by Mr. P. Crosbie Morrison. 

May 3—Special Meeting. Lecture: “Russian Culture and Expan¬ 
sion,” by Professor Griffith Taylor, 

May 13—Papers: “Studies on Strains of Fusarium Uni” by C. R. 
Millikan. “Effects on Flax of a Toxic Concentration of Boron, Iron, 
Molybdenum, Aluminium, Copper, Zinc, Manganese or Nickel in the 
Nutrient Solution,” by C. R. Millikan. 

June 10—Paper: “The Shore Platforms of Lome, Victoria,” by J. T. 
Jutson. Lecture: “Australia’s Part in British Aeronautical Research,” 
by Mr. P. R. Coombes. 

July 8—Papers: “Palaeozoology and Taxonomy of Some Australian 
Homalonotid Trilobites,” by E. D. Gill. “Geology and Petrology of the 
Tooborac District, Victoria,” by O. P. Singleton. 

August 12—Lecture and Films: “Visual Aid in Education,” by Mr. 
N. H. Rosenthal. 

September 9—Lecture: “The Australian National Antarctic Research 
Expedition, 1947-48,” by Mr. P. G. Law. 

October 14—Paper: “The Shore Platforms of Point Lonsdale,” by 
J. T. Jutson. Lecture: “Some Aspects of the World Food Problem,” 
by Professor S. M. Wadham. 

November 11—Lecture: “The Scientific Background to Ceramics,” 
by Dr. W. O. Williamson. 

December 9—Papers: “Tides of Hobson’s Bay,” by J. E. Bradley 
(communicated by E. D. Gill). “Description and Biological Inter¬ 
pretation of Some Victorian Trilobite Hypostomes,” by E. D. Gill. 

During the year one member and nine associate members were 
elected. Two members and five associate members resigned. The total 
membership of the Society on December 31, 1948, was 244. 
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The Council deeply regrets the loss; by death, of three members. 

ARNOLD CADDY, F.R.C.S., was born in Devon in 1866. He 
studied Medicine at the University of Durham and St. George’s 
Hospital, London. He first practised in the Argentine, but soon left 
that country and pursued his profession as a private practitioner in 
Calcutta. In 1912 he came to Victoria and, acquiring a property at 
Tylden, near Kyneton, thereafter devoted himself to farming and stock- 
breeding. His particular interests were breeding Red Poll cattle and 
English Leicester sheep, on both of which he was an authority. He 
was prominent in various agricultural associations and represented the 
Chamber of Agriculture on the Faculty of Commerce at the University 
of Melbourne, the Council of Public Education and the Council of the 
Chamber of Commerce. He was elected a member of this Society in 
1924, and maintained great interest in its welfare until his death, being 
active in expanding its membership. He was a protagonist of scientific 
farming, and only a year or so before his death instituted on his 
property the practice of adding to superphosphate those “trace” elements 
deficient in the soil. He did not live to see the outcome of this practice 
which, continued by his son, resulted this season in greatly increased 
soil fertility and pasture improvement. He died on April 15. 

WILLIAM FRx^NCIS ORR, M.D., was born at Ballarat and 
educated at Ballarat College, of which he was dux in 1885. He studied 
Medicine at the University of Melbourne and graduated M.B. in 1894, 
after which he became Resident Medical Officer, first at the Women’s 
Hospital and later at the Eye and Ear Hospital. In 1901 he took the 
degrees of B.S. and M.D. He began private practice as assistant to the 
late Sir James Barrett, the two later becoming partners; the partnership 
was dissolved in 1919. He saw service in the 1914-18 war. Dr. Orr 
served the Eye and Ear Hospital as honorary ophthalmologist and ear, 
nose and throat specialist from 1913 to 1927; later he was senior eye 
specialist and a member of the committee of management of that 
institution. He was a foundation fellow of the Royal Australasian 
College of Surgeons. He retired from practice in 1937. Outside his 
professional work he found relaxation in reading deeply on a wide range 
of subjects, and in music, of which he was passionately fond. He was 
at one time a member of the Lady Northcote Trust. He was elected a 
member of this Society in 1932. He died on July 23. 

HARRY PONSONBY MACKENZIE, R.N., was born in Scot¬ 
land, his family belonging to Inverness. He joined the Royal Navy 
and rose to the rank of Engineer-Commander. He served during the 
1914-18 war and took part in the Battle of Jutland. Retiring from the 
Navy, he came to Victoria and settled at Trawalla, in the Beaufort 
district, in 1921. He devoted himself to the breeding of Merino sheep, 
and for some years was President of the Woolgrowers’ Association of 
Victoria and of the Australian Sheepbreeders’ Association. He gave 
much time and energy to local municipal affairs and to institutions in 
Ballarat, notably Ballarat College, the Agricultural Society and Art 
Gallery. He was elected a member of this Society in 1924, and frequently 
attended meeting until shortly before his death. He died on December 4. 
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The attendances at the Council meetings were as follows: Mr. Barag- 
wanath, 11; Mr. Cudmore, 11; Dr. Stillwell, 11; Dr. Tattam, 11; Mr. 
Casey, 10; Mr. Crosbie Morrison, 9; Professor Skeats, 9; Captain 
Davis, 8; Professor Hills, 8; Professor Turner, 7; Dr. Summers, 6; 
Professor Wadham, 6; Professor Tiegs, 5; Dr. Patton, 4; Professor 
Martin, 3; Professor Osborne, 3; Mr. Pescott, 3; Professor Wright, 1. 

The Honorary Treasurer, Mr. R. T. M. Pescott, was absent abroad 
for the major part of the year and the duties of Honorary Treasurer 
were perfomed by Dr. F. L. Stillwell in his absence. 

During the year 1,917. volumes and parts were added to the Library. 

Volume 59, Part I, of the Proceedings, bearing the date of issue 
December, 1947, was distributed to members in March, 1948, the delay 
arising from the protracted time in binding. The publication of this 
part was assisted by a grant of £100 made by the State Government. 

HONORARY TREASURER’S REPORT 

The financial position of the Society is at present satisfactory, but 
it is only because publication of the Proceedings is in arrears that it 
appears to remain so. The Commonwealth Meteorological Bureau has 
continued renting the Hall and part of the grounds. The credit balance 
at the bank at December 31, 1948, was £566/5/7. 

The principal items of expenditure were £168/2/6 for printing 
Volume 59, Part I, of the Proceedings, and £142/6/6 for repairs and 
replacements to the Hall and Cottage. The cost of printing seems likely 
to continue to rise above its present high level, and when publication is 
brought up to date the present credit balance will be absorbed. 



FINANCIAL STATEMENT FOR YEAR ENDING DECEMBER 31, 1948 
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